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OXIDIZED PYRIDINE NUCLEOTIDES AND LACTIC ACID 
IN THE CORNEAL TISSUE OF RABBITS! 


Nina H. MORLEY AND ANDREW TOTH 


Abstract 


The mean concentrations of oxidized pyridine nucleotides in the corneal 
epithelium and stroma of rabbits, determined fluorometrically in trichloroacetic 
acid extracts of scrapings from the frozen tissue, were 637 + 130 and 58 +21 ug of 
DPN per gram of moist tissue respectively. The epithelial level was comparable 
to the reported content of some samples of rat liver and retina. The mean concen- 
trations of lactic acid in corneal epithelium and stroma were 996 + 158 and 771 + 
131 wg per gram of tissue respectively. Results suggested that in the cases of 
epithelial DPN and stromal lactate there is a slight advantage in using the paired 
eye as a control over an unmatched eye. 


Introduction 


The present study of oxidized pyridine nucleotides in corneal tissue was 
prompted by the proposal that the relative levels of the oxidized and reduced 
forms of both the di- and tri-nucleotides profoundly influence metabolic 
behavior in cells and tissues. Recent research supports this theory (1, 2, 3). 
In studies of diabetic rats, Greenbaum and Graymore (3) associated the ratio 
of oxidized to reduced coenzyme I with hormonal action. Strominger (4) 
discussed the influence of the relationship of the concentrations of TPNH? and 
DPNH to the balance of anabolism and catabolism. Abnormal levels of one or 
more of the pyridine nucleotides have been observed by a number of workers 
(5, 6, 7, 8) after starvation and thyroxine treatment and in various pathological 
conditions. 

Following an intensive study of carbohydrate metabolism in the cornea, 
Herrmann and Hickman (9) suggested that the lactate content of this organ 
might be governed by the competition for oxidized diphosphopyridine nucleo- 


'1Manuscript received October 3, 1960. 

Contribution from the Department of Ophthalmology, Faculty of Medicine, University 
of Toronto, Toronto, Ontario. 

2The following abbreviations are used: DPN and DPNH, oxidized and reduced diphospho- 
pyridine nucleotide, respectively; TPNH, reduced triphosphopyridine nucleotide; TCA, 
trichloroacetic acid; Qo,, rate of oxygen consumption. 
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tide (DPN) during glycolysis. Increased concentration of lactic acid, which is 
promoted by failure or sluggishness of aerobic metabolism and the associated 
lack of reoxidation of DPNH, has been shown to result in loss of corneal 
transparency (10, 11). Transparency is accounted for by the orderly spatial 
arrangement of the components of the stroma (12). However, the stroma, the 
central layer that comprises about 90% of the cornea, is apparently almost 
devoid of aerobic metabolism. In contrast, the adjacent epithelial layer appears 
extremely active, with a Qo, that is of the same order as in liver (13), and is 
dependent largely upon the availability of atmospheric oxygen (10). 

Although the cornea maintains transparency under a variety of environments 
and during day and night, there may be many accidental conditions, or, indeed, 
ophthalmic treatments, that result in overwhelming changes in oxygen con- 
sumption. It would appear, therefore, that the relationship of lactic acid 
content to the oxidative systems would provide information of interest in 
assessing the welfare of the tissue, both in vivo and in the enucleated eye. 

Moreover, Chance (14) has suggested that a convenient indicator of the state 
of cell metabolism might be developed in the measurement of oxidized pyridine 
nucleotides and cytochrome b. If the cornea, in its avascularity, is found to be 
as unusual in the nature of its lactic acid metabolism as it appears to be in 
respiratory activity, some relationship of the level of lactate to oxidized pyridine 
nucleotide might prove a satisfactory index of corneal metabolism. 

The present investigation into the levels of oxidized pyridine nucleotides in 
rabbit corneal epithelium and stroma was undertaken as one aspect of the 
evaluation of their relationship to lactic acid metabolism. The scarcity of 
values for pyridine nucleotides in the literature, particularly in respect to 
corneal tissue, proved a further incentive to the study. 


Material and Methods 
Materials 
Eyes were obtained from healthy test rabbits killed at the Connaught 
Laboratories, refrigerated, and used within 1 hour of death and from normal, 
small rabbits killed in our laboratory and used within 1 to 2 minutes. For 
lactic acid analyses, all the eyes were removed in our laboratory. 


Methods 

Each eye was frozen in petroleum ether at — 73° C to inhibit enzymic action 
and to facilitate separation of the corneal layers. Epithelial cells were scraped 
off and strands of stroma scratched out by glass blade and extracted in iced 
TCA solution. Since it was desirable to keep the period between disruption of 
the tissue and extraction as short as possible, the weight of most of the scrapings 
was determined indirectly from the protein content of the residue after extrac- 
tion (15). 

The estimation of oxidized pyridine nucleotide was made by the methyl ethy] 
ketone method (16) in a Farrand fluorometer. The concentration has been 
expressed as DPN since this is the predominant form in tissues (17) and because 
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standard solutions were prepared from DPN,’ assayed 95% pure by the method 
of LePage (18). 

Specificity of the fluorometer method was affirmed by the close agreement of 
the means for both epithelial and stromal DPN in parallel analyses by both 
ketone and Lowry (19) methods. Thus, little or no N’-methylnicotinamide can 
be present, since this would have been associated with lowered fluorescence in 
the Lowry method. No tests were made for the presence of nicotinamide 
mononucleotide or nicotinamide riboside, which were assumed to be found in 
only minute amounts in the corneal as in other tissues. Blank solutions, pre- 
pared in the presence of tissue extract, compared favorably with reagent blank 
solutions. Detection of added DPN resulted in averages of 100%, for the ketone 
method, in a range of 89 to 106% on 67 occasions and for the Lowry method, 
96 to 107% on 6 occasions. 

The estimation of lactic acid was made by the method of Barker and Summer- 
son (20) on 0.5-ml aliquots of extracts of corneal epithelium and stroma 
prepared as described above. Zinc lactate standard solutions were included 
in each analysis. 


Results 


Levels of DPN in the Corneal Epithelium and Stroma 

The mean concentrations of oxidized pyridine nucleotides in rabbit corneal 
epithelium and stroma, expressed as DPN, are given in Table I. The average 
level of DPN in epithelium was about 10 times that in stroma. The mean 


TABLE I 


Mean concentrations of DPN in rabbit 
corneal epithelium and stroma 














J Epithelium Stroma 
Eyes No pg per g No ug per g 
All 112 637 + 130* 62 58+21 
Group 1t 43 626 +153 15 55 +18 
Group 2f 
All 69 6444112 47 59 +22 
Litter 1 8 696 + 102 
2 10 717+112 
3 10 655 +127 10 53 +18 
4 6 616+ 86 8 54 +26 
5 4 675 +125 6 59 + 32 





*Standard deviation of the mean is calculated from 


+ V (2#-S2Vv-» 


+The eyes were taken from healthy test rabbits killed at the Connaught Labora- 
tories and used within 1 hour. 
The eyes were removed from normal, small rabbits killed in our laboratory 
and used within 1 to 2 minutes. All the animals in a litter were sacrificed at one 
time. 





contents appeared to be unaffected by the source of the eyes or the relative 
handling time within an hour of death. In fact, analyses of eyes refrigerated 


’Diphosphopyridine nucleotide was purchased from Sigma Chemical Co., St. Louis, Mo. 
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for 2, 4, or 6 days after enucleation have indicated that even a considerable 
delay in analysis could result in DPN values of the same order as the general 
mean. 

The standard deviations from the means in Table I suggest that there is a 
considerable variation in the DPN content of different corneas. Duplicate 
scrapings from the same cornea showed 6 to 20% variation in either layer but 
the samples were too small for accurate testing. No evidence was obtained, 
microscopically, for mixing of layers or of bacterial contamination of the 
scrapings. 

Since it is often advantageous to use a paired eye as a control in an experi- 
ment, the data were grouped for the 42 pairs of eyes in the epithelial and 21 in 
the stromal analyses and examined statistically. From analysis of variance of 
the epithelial data, the F ratio, 1.75, comparing the variance between animals 
and among pairs, with significance at the 5% level, suggests that there is a 
slight advantage in using the paired eye as a control over an unmatched eye. 


No advantage was indicated for paired eyes for stroma or for littermates for 
either layer. 


Values in the Literature for Oxidized Pyridine Nucleotides 

Table II indicates that most of our values for epithelial oxidized pyridine 
nucleotides exceed those reported for normal tissues by other workers. They 
match the DPN concentration found for some samples of guinea pig (22) and 
rat liver (23), for bovine retinal tissue (24), and in our preliminary assay of 
25 beef corneas. The concentration of DPN in the corneal stroma is in the same 
range as the values for blood. 


TABLE II 


Levels of oxidized and reduced pyridine nucleotides in various tissues 














Pyridine nucleotides 








(ug per g) 
Workers Tissue Oxidized Reduced 
Glock and McLean (2) Rat liver 376 409 
adrenal 332 270 
diaphragm 290 151 
brain 134 96 
blood (3) 60 39 
Rabbit blood (2) 36 5 
Spirtes and Eichel (21) Rat liver 518* 345* 
Nemeth and Dickerman (22) Guinea-pig liver 300-700 
Marfatia et al. (23) Rat liver 639 206 
Anfinsen (24) Bovine retinal layers 350-850 
Klethi and Mandel (25) Bovine lens 96-153 
Our laboratory Rabbit corneal 
epithelium 637 424f (2) 
stroma 58 62f (1) 
Rabbit blood (4) 58 
Bovine corneal epithelium (25) 646 





*Values were quoted for coenzyme I. 

+These values have been approximated for wet weight. The author's data are: 1.7K 10-3 to 4.1X 10-3 mg DPN 
per gram of dry weight. 

tPreliminary estimates, expressed as DPNH, were made filuorometrically on sodium carbonate extracts of corneal 
scrapings (26). 
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Levels of Lactic Acid in Corneal Epithelium and Stroma 

The mean concentrations of lactic acid in corneal epithelium and stroma in 
Table III agree with the content in beef corneas (9, 13). They are lower than 
the levels obtained by Langham (10) for the corresponding tissues in rabbits, 
judged by his value of 93.1 mg of lactate per 100 g of whole cornea and the 
ratio of 2.0 observed consistently for epithelial to stromal lactic acid. In our 
study, this ratio was lower, 0.9 to 1.8, for 13 of 14 eyes compared in this respect. 


TABLE III 


Mean concentrations of lactic acid in rabbit 
corneal epthelium and stroma 














Epithelium Stroma 
Eyes No wg per g No ug per g 
Right 8 1008 + 176* 7 729 +115 
Left 8 985 + 150 7 813+141 
All 16 996 +158 14 7714131 





*Standard deviation from the mean. 


Good agreement was found between the lactate concentration of duplicate 
scrapings from the same cornea, both for epithelium in four pairs of eyes and in 
stroma for five pairs. However, variation between eyes was greater in samples 
taken from the epithelium than in samples from the stroma. For neither layer 
was there the concurrence of values between pairs of eyes reported by Langham 
(10). However, for the stroma, the F ratio, comparing the variance between 
eyes and among pairs, with significance at the 5% level, suggested an advantage 
in using a paired eye as a control over an unmatched eye. Nevertheless, the 
stromal lactate of the left eye, which was always the second in each pair to be 
removed and frozen, showed a consistent tendency to be higher than that of the 
right by 4 to 18%. This difference was significant, by ¢ test, at .025>P>.01. 


Discussion 


A consideration of the synthetic and degradative processes for DPN suggests 
that the content in the tissues is directly related to the number of uninjured 
cells (13, 27). Thus the DPN content of purely cellular epithelium is very 
much greater than of the sparsely populated stroma. 

Moreover, it is thought that cells vary widely in activity throughout the 
epithelium (13) and little is known of the activity or distribution in the stroma. 
Sampling of tissue must account for some of the variation found in the DPN 
values. Glock and McLean (2), in discussing the large standard deviations from 
their mean values for DPN in adrenal tissue, felt that they represented an 
activity associated with hormonal function in which there might be a large 
amount of conversion between different statés of these nucleotides. For the 
cornea there may be, as well as hormonal effects, a large fluctuation in the 
amount of enzyme-bound diphosphopyridine nucleotide resulting from the 
pronounced lactic dehydrogenase activity of the tissue (28). 
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If the respiratory activity of the cornea is related to the availability of 
oxidized DPN in the cells, the importance of the growth of epithelium in 
healing is apparent. This is confirmed by the observations of Weimar (29) of 
the activation of the stroma produced by regrowth of epithelium and the 
coincident massing of stromal cells in the area of healing. 

The dependence of the corneal stroma upon energy produced by the epithe- 
lium has been demonstrated in protein synthesis and tissue growth in the chick 
embryo (30). On the other hand, the stroma has been shown to contribute part 
of the lactate for enzymatic oxidation in the epithelium (9). Herrmann (30) 
suggested that detection of such metabolic interactions might develop our 
knowledge of synthetic and degradative processes in adult tissues. Towards 
this end of the cornea may be considered a model system. In this study a 
method has been tested that will allow the measurement of lactic acid and 
oxidized pyridine nucleotides in the same extract of tissue from either epithe- 
lium or stroma in the individual cornea. 
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A COMPARISON OF HISTONES FROM CHICKEN TISSUES 
BY ZONE ELECTROPHORESIS IN STARCH GEL! 


J. M. NEELIN? AND G. C. BUTLER’ 


Abstract 


Histones were extracted at pH 1.7 from washed nuclei of chicken erythrocytes, 
spleen, liver, and testis and compared by starch-gel electrophoresis at pH 5.0, 
ionic strength 0.020. Spleen and liver histones displayed the most complex electro- 
phoretic patterns with 18 zones each and differed only in relative proportions of 
certain zones. Erythrocyte histone contained a characteristic zone while lacking a 
group present in spleen and liver histones. Testis histone with only seven zones 
differed markedly from the other three. These results were consistent with 
chromatograms of erythrocyte, spleen, and liver histones on sodium IRC-5O. 
ba — correlation of tissue-specific histones with cell differentiation is 

iscussed. 


Introduction 


Despite recurring interest in histones since they were first demonstrated in 
1884 (1), their biological function remains obscure. Because of the intimate 
chemical and metabolic association between histone and deoxyribonucleate 
(DNA), Stedman and Stedman (2) postulated a mechanism of cell differentia- 
tion based on specific histone complements in the nuclei of differentiated 
cells. An extreme example of such specificity is the difference between the 
histone of somatic cells and the protamine of spermatozoa of certain species. 
However, unequivocal evidence for specific types of histone associated with 
cell differentiation has not yet been obtained. 

Techniques of relatively low resolving power, e.g. cation-exchange chroma- 
tography (3, 4) and amino acid analysis (3, 5), have demonstrated only two 
main protein types, the so-called lysine-rich and arginine-rich histones, which 
were common to all tissues and species studied. On the other hand, starch-gel 
electrophoresis (SGE), which resolved some 16 native histone components in 
chicken erythrocyte (6) and calf thymus histones (7), provides greater pos- 
sibilities of revealing tissue-specific differences. This technique was therefore 
applied to histones of a number of tissues and organs of animals of the same 
species, the domestic fowl. 


Methods 


Values of protein nitrogen (Tables I and II) were calculated from total 
nitrogen corrected for non-protein nitrogen. Total nitrogen was determined 
by a micro-Kjeldahl method. Non-protein nitrogen was calculated from the 
total phosphorus, assuming N/P ratios of 1.7 for extracts (containing traces 


1Manuscript received August 30, 1960. 


Contribution from the Department of Biochemistry, University of Toronto, Toronto, 
Ontario. 


2Present address: National Research Council, Ottawa, Canada. 
3Present address: Atomic Energy of Canada, Ltd., Chalk River, Ontario. 
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TABLE I 


Extraction of protein from chicken nuclei at pH 1.7 











Tissue Extracted Extract Extract 
Tissue quantity protein volume concentration 
source (ml or g*) (%)t (ml) (mg N/ml) 

Erythrocytes 36 38 10 0.35 
700 54 255 1.01 
700 69t 265 Re 
Spleen 7 29 ae 0.59 
21 42 38 0.66 
Liver 26 26 46 0.42 
41 38 36 0.24 
121 22 61 0.29 
Testis 10 40 21 0.09 





* ml of blood or g of tissue. 
t % of total protein nitrogen. _ 
t Total of two successive extractions. 


of nucleic acid), 1.6 for erythrocyte nuclei (in which the phosphorus was ca. 
10% phospholipid), and 1.3 for other cell nuclei (in which one-half to one-third 
of the phosphorus was phospholipid). These assumptions were based on the 
proportion of phosphorus remaining in the lipoprotein residue (soluble in 
alkali, insoluble at pH 6); moderate errors in the assumptions would only 
slightly affect the values quoted. 

White Leghorn cockerels and pullets were killed by bleeding, the blood 
collected in 0.1 volume of 8% potassium oxalate solution, and the organs 
excised immediately. Experiments were performed both on individuals and 
on the pooled organs from several birds; results were less satisfactory when 
smaller amounts of material from single birds were manipulated. 

Washed nuclei of erythrocytes were prepared by the method of Dounce and 
Lan (8), and those of other tissues by blending and washing at least eight times 
in 0.01 M citric acid, as described previously for calf thymus histone (9). 
Suspensions of the nuclei were examined with a phase microscope and all 
appeared virtually free of cytoplasmic granules, with nuclei generally compact 
and undistorted. Preparations from spleen included small, dense erythrocyte 
nuclei and large, transparent nuclei; the liver preparations contained fewer 
erythrocyte nuclei, while those from testis were free of erythrocyte nuclei, but 
included elongated sperm heads. The total mass of these sperm heads would 
be small compared with that of the larger nuclei, despite their approximate 
equivalence in number. It will be appreciated that these ‘‘nuclei’’ were struc- 
tures from which nucleoplasm and other soluble components had been washed ; 
such a fractionation appeared desirable for these studies. 

Histone was extracted at 3° C by blending briefly at pH 1.7 (9). While 58% 
of the protein nitrogen had been recovered in a single extraction from calf 
thymus nuclei, more variable results were obtained from chicken cell nuclei 
(Table I). Larger amounts of starting material gave better yields, probably 
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because of more effective blending. Despite the lower yield of protein, the 
electrophoretic pattern of erythrocyte histone was unchanged even if blending 
was omitted; therefore the efficiency of extraction probably did not affect the 
qualitative results. The residual protein after extraction was largely attri- 
buted to the variable proportions of non-basic proteins in different types of 
nuclei. The amount of histone in the samples to be analyzed was critical; a 
concentration of 0.5 mg histone nitrogen per ml was suitable for SGE, while at 
least 50 mg of histone nitrogen was desirable for effective chromatography. 
Table I summarizes the histone concentrations obtained from suitable quan- 
tities of tissue and final volumes of extract. Concentration steps were avoided, 
since it was found that extensive denaturation accompanied removal of water 
by pervaporation or by dialysis against 30% polyvinyl pyrrolidone. 

Chromatographic fractions were prepared by cation-exchange chromato- 
graphy on the sodium form of Amberlite IRC-50 (Na IRC-50), Grade XE-64, 
from which the fines had been removed by decantation (9). The relative 
amounts of lysine and arginine were determined by the ninhydrin and Saka- 
guchi colorimetric reactions, and expressed as s/n ratios. 

Electrophoresis in starch gel followed the method of Smithies (10), with 
conditions as described elsewhere (7). Most comparisons were made in gels 
containing sodium acetate buffer, .pH 5.0, ionic strength 0.020. In order to 
compare relative mobilities of zones from two samples, a mixture of equal 
volumes of each sample was run in parallel with the original solutions. This 
‘“‘mixture’’ was introduced into the gel in a slot of double width (8 mm). The 
results of SGE (Plates I to III) are presented as photographs of the stained 
gels, accompanied by diagrams indicating the relative staining intensities of 
zones, which are numbered in order of decreasing mobility to facilitate re- 
ference. These numbers generally follow the system used previously for 
erythrocyte histone (6). 


Results 


Ion Exchange Chromatography 

The results of chromatographic comparisons of erythrocyte, spleen, and 
liver histones are given in Table II, along with values for calf thymus histone 
taken from reference 9. The total recoveries of the three samples were 81%, 
52%, and 50%, respectively. The low recoveries of spleen and liver proteins 
were attributed to greater relative losses of protein from smaller samples on 
the columns. In chromatograms of less than 10 mg of histone nitrogen, yields 
were correspondingly reduced, especially in the more firmly bound proteins. 
While peaks D, and E of erythrocyte histone were markedly greater than in 
the other chromatograms, spleen and liver histones showed only minor differ- 
ences. Peaks D; and D, were somewhat less in the latter, while peaks E and F 
were relatively greater. Peak F of erythrocyte histone was homogeneous, but 
those of spleen and liver appeared to be composed of two and three small 
peaks, respectively. According to s/n ratios (Table II), peaks C; and D, were 
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Fic. 1. Comparison of histones of chicken erythrocytes and spleen by SGE. (pH 5.0, 
ionic strength 0.020, 6 hours electrophoresis at 4 v/cm, 4-mm sample slot unless stated 
otherwise. ) 


A: Chromatographic peak D, of spleen. 


B: Spleen chromatographic peak D; mixed with one volume of erythrocyte histone 
C: Erythrocyte histone in 8-mm slot. 
1): Erythrocyte histone in 4-mm slot. 


E: Erythrocyte histone mixed with one volume of spleen histone (8 mm slot). 
F: Spleen histone. 


Neelin and Butler—Can. J. Biochem. Physiol. 
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Fic. 2. Comparison of histones of chicken spleen and liver by SGE. (Electrophoretic 
conditions as in Fig. 1.) 
A: Spleen histone. 
B: Mixed spleen and liver histones in 8-mm slot. 
C: Liver histone. 


Neelin and Butler—Can. J. Biochem. Physiol. 





PLATE III 
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Fic. 3. Comparison of histones of chicken erythrocytes and testis by SGE. (Electro- 
phoretic conditions as in Fig. 1.) 
A: Erythrocyte histone. 
B: Mixed erythrocyte and testis histones in 8-mm slot. 
C: Testis histone in 8-mm slot. 


Neelin and Butler—Can. J. Biochem. Physiol. 
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lysine-rich (s/n <1), while peaks D2, E, and F were relatively arginine-rich. 
Peaks of calf thymus histone of comparable s/n ratios were eluted by equivalent 
buffer concentrations (9). By this token one might assume that peaks Ci, D,, 
E, F, and G of chicken histones were analogous to peaks sF2, sL, sAi, sA2, and 
sA; of calf thymus histone (9). 

Because the variation in yields with sample size renders comparison of similar 
extracts difficult, chromatographic studies were not pursued beyond these 
preliminary comparisons; however, even with smaller sample sizes, relatively 
more lysine-rich histone and less arginine-rich histone were evident in spleen 
than in liver preparations. 


Starch-gel Electrophoresis 

Erythrocyte histone was resolved into 15 zones by SGE under the conditions 
of the comparison (Fig. 1C and 1D). [Zone 14 was evident only at lower pH 
values (6).] A double slot was required to distinguish zones 7b and 8b. These 
zones were designated differently from numbers 7 to 9 in reference 6 in order 
to distinguish them from the discreetly separated zones of other histones in 
the same region (e.g. zones 6 to 9 of spleen histone). Under the same conditions 
spleen histone gave 16 zones (Fig. 1F) with characteristic differences from the 
erythrocyte pattern. These are emphasized by comparison with a mixture 
of the two samples (Fig. 1E). Besides the relative weakness in the region of 
zones 6 to 9, erythrocyte histone included an intensely staining zone 15, 
absent from spleen histone, and the latter protein contained less material in 
the region of zones 2 and 4. To confirm the relation between zone 11 of ery- 
throcyte and of spleen, chromatographic fraction D, of spleen was analyzed 
by SGE, both separately (Fig. 1A) and after mixture with erythrocyte histone 
(Fig. 1B). Besides a trace of aggregated material, spleen fraction D,; contained 
three zones; these proved to be zones 10 to 12, since these components were 
intensified in the SGE pattern of the mixture. 

A similar comparison was made between the histones of spleen and liver 
(Fig. 2). The differences between these two patterns were more subtle: liver 
histone contained some of zone 15, absent in spleen; the zones in region 6 to 9 
differed in relative intensities. Where the order of decreasing intensity in 
spleen was 7 > 6 > 8 > > 9=5, in liver it was 8 > 7 > > 6 > 9, with No. 5. 
Although the fast zones appeared less sharply defined in liver, the mobilities 
and intensities were similar to those of spleen. 

The histones of cockerel testis and erythrocytes were also compared (Fig. 3). 
Because the preparation from testis was very dilute, it had to be introduced 
into a double slot, which usually produces less sharp zones. Only seven zones 
could be identified and the pattern of mixed histones indicated that all of 
these were in the regions 5 to 8 and 10 to 12. The relative intensities of the 
former group were similar to those in liver, that is, 8=7 >> 6, with a trace of 
5. The relative simplicity of testis histone was unique in these preparations. 

An attempt to prepare heart histone was only partially successful. The 
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nuclear preparation was less clean, and the histone extract relatively dilute. 
Initial analysis by SGE indicated that zone 7 was relatively strong and 8 weak 
in heart histone, that a small amount of 15 was present, and that zones 2 and 4 
were stronger than in liver or spleen. 

Electrophoretic patterns were readily reproduced with any given extract as 
long as conditions of SGE were carefully controlled. Replicate preparations 
of erythrocyte, spleen, and testis histones gave essentially the SGE patterns 
described above. Preparations of liver histone were more variable; occasion- 
ally an extract yielded only a fast, featureless smear characteristic of general 
degradation (7). When this degradation was not evident, patterns comparable 
to that in Fig. 2 were obtained. The instability of any extract appears to 
depend on the “‘cleanness’” of the nuclear preparation, presumably because 
of contamination with cytoplasmic proteases (7). In tissues where nuclear 
isolation is more difficult, the possibility of degradation may become a more 
serious factor. 


Discussion 


A comparison of previous reports indicates that the histones of calf thymus 
and chicken erythrocytes differ in chromatographic properties (9), and in 
SGE properties (6, 7). While these differences could reflect either species or 
tissue specificity, the present study has demonstrated specific differences in 
the histone complements of several tissues from the same individuals. The 
histones of chicken erythrocytes, spleen, and liver differed chromatographic- 
ally, and SGE patterns were specific for histones from erythrocytes, spleen, 
liver, testis, and heart. Where correlation was possible, evidence from chro- 
matography was in agreement with that from SGE. Chromatographic peak 
D, of both erythrocyte histone (6) and spleen histone yielded the same electro- 
phoretic zones 9 to 12. While the former was rich in peak E and in zones 7a 
to 8b, liver and spleen were virtually devoid of these components, but relatively 
rich in peak F and in zones 6, 7, 8, and 9. It should be noted that in calf 
thymus histone the zones in this region (peaks sA; and sA; of reference 7) 
differed from those of all chicken tissues studied. Zone 15, characteristic of 
erythrocyte histone, probably occurred in other tissues because of contaminat- 
ing erythrocytes and may correspond to the arginine-rich ‘‘subsidiary”’ histone 
peculiar to fowl erythrocytes (2). The possibility that it arises from nuclear 
globin is being investigated further. 

Aside from this characteristic zone of erythrocyte histone and the unique 
pattern of testis histone, the histones appeared generally similar, but showed 
subtle variations in the group of zones which corresponded to arginine-rich 
histone fractions. This specificity would be obscured in less sensitive tech- 
niques, including total amino acid compositions of deoxyribonucleoproteins 
(5), and chromatographic methods which separated only the two chief histone 
types (3). Slight but significant differences in amino acid compositions have 
been reported in purified ‘‘8-histones’’ of fowl tissues (11). 
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It is not considered likely that proteolytic degradation has contributed 
significantly to the specific histone patterns, since conditions of known histone 
instability (12) were avoided. While it has not been possible to extract work- 
able concentrations of histone directly from these tissues, and thus examine 
the stability of these proteins during nuclear isolation, no degradation was 
evident in calf thymus histone during this treatment (7). Fast zones 1 to 4 
appeared to be dialyzable, but these components may arise from smaller 
histone molecules, some of which are known to be dialyzable (13), or from 
acid-soluble contaminants in the nuclei. Acid-soluble proteins have been 
obtained from cytoplasmic ribonucleoproteins (14,15), and from whole rat 
nuclei (16). The chromatograms of the latter extracts showed specificity of 
rat tissues, but probably many of the components were non-chromosomal and 
should be largely removed from washed nuclei. 

A degree of specificity has been demonstrated in histone preparations which 
have appeared identical by criteria less sensitive than SGE, despite the fact 
that certain common cells, including erythrocytes, would tend to reduce the 
apparent specificity of tissues, especially those closely related in function and 
embryonic origin. Specificity in a metabolically stable protein closely asso- 
ciated with the genetic material would be consistent with a role in tissue 
differentiation, as postulated by Stedman and Stedman (2). 


References 

1. A. KossEL. The protamines and histones. Longmans, Green and Co. 1928. 

2. E. STEDMAN and E. STEDMAN. Nature, 166, 780 (1950). 

3. C. F. Crampton, W. H. STeErn, and S. Moore. J. Biol. Chem. 225, 363 (1957). 
4. P. F. Davison. Biochem. J. 66, 708 (1957). 

5. A. Knosiocn, H. Matsuparra, and R. VENDRELY. Compt. rend. 244, 2980 (1957). 
6. J. M. NEELIN and G. E. ConneLL. Biochim. et Biophys. Acta, 31, 539 (1959). 
7. J. M. NEELIN and E. M. NEE LIN. Can. J. Biochem. and Physiol. 38, 355 (1960). 
8. A. L. Dounce and T. H. Lan. Science, 97, 584 (1943). 

9. J. M. NEELIN and G. C. BuTLer. Can. J. Biochem. and Physiol. 37, 843 (1959). 
10. O. Smitrutes. Biochem. J. 61, 629 (1955). 


11. C. M. MaurRITZEN and E. STEDMAN. Proc. Roy. Soc. (London), Ser. B, 150, 299 (1959). 
12. D. M. P. Puriurps and E. W. Jouns. Biochem. J. 72, 538 (1959). 

13. B. Baxay, L. B. KtrscHner, and G. ToENNIEs. Biochim. et Biophys. Acta, 24, 329 (1957). 
14. J. A. V. ButLer, P. Coun, and P. Simson. Biochim. et Biophys. Acta, 38, 386 (1960). 

15. G. A. SETTERFIELD, E. M. NEELIN, J. M. NEELIN, and S, T. BayLey. In preparation. 
16. J. R. Davis and H. Buscn. Cancer Research, 19, 1157 (1959). 





493 


EXTRACELLULAR GLUCOSE-1-PHOSPHATE IN ACETOBACTER 
XYLINUM AND ITS ROLE IN CELLULOSE SYNTHESIS! 


J. Ross Cotvin, S. M. MartTIN, AND G. G. DEARING? 


Abstract 


Extracellular glucose-1-phosphate (G-1-P) was identified and isolated from 
suspensions of intact, washed, glucose-metabolizing cells of Acetobacter xylinum. 
The presence of this extracellular hexose phosphate was closely correlated with 
active glucose metabolism of the cells but the compound was not the immediate 
precursor of bacterial cellulose. The extracellular G-1-P was not a degradation 
product of uridine diphosphate glucose but could have been a fragment of a still 
larger, more complex molecule. Possible modes of transport of the ester across 
the bacterial cell membrane are discussed. 


Introduction 


Until recently, direct participation of simple hexose phosphates in cellulose 
synthesis has seemed probable, principally because of the analogy to starch 
and glycogen formation. Hestrin and co-workers have suggested that in the 
bacterium Acetobacter xylinum sugar phosphate esters produced intracel- 
lularly by oxidation of carbohydrates in the pentose cycle may cross the cell 
membrane (after modification or replacement of the phosphate radical) to be 
polymerized extracellularly (1). The polymerization was assumed to occur 
after removal of the modifying groups. Their suggestion receives some sup- 
port from the identification of glucose-6-phosphate (G-6-P) in an extracellular 
synthetic medium of the same bacterium (2). However, other recent observa- 
tions have implicated sugar nucleotides, such as uridine diphosphate glucose, 
rather than the simple phosphate esters (3). As part of a program to isolate 
the direct precursor of bacterial cellulose, we have searched the extracellular 
medium of glucose-metabolizing, washed cells of A. xylinum for evidence of 
hexose phosphates or other simple sugar derivatives. We report here the 


identification of G-1-P as a constituent of the extracellular medium of this 
organism. 


Methods and Materials 
Chromatography 


The technique of descending paper chromatography was employed using 
Whatman No. 1 paper which had been washed successively with distilled 
water, 2 M acetic acid and distilled water, and then air-dried. 

The solvents employed were: (I) pyridine - ammonium hydroxide (sp. gr. 
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0.90) — water (6:2:1 v/v); (II) pyridine — ethyl acetate— water (1:2:2); (III) 
methanol - formic acid — water (80:15:5); (IV) methanol -ammonium hy- 
droxide — water (60:10:30); (V) isobutyric acid —-ammonium hydroxide — water 
(66:1:33); (VI) ethanol -—0.1 M ammonium acetate, pH 7.5 (7:3); (VII) 0.1 M@ 
phosphate, pH 6.8-ammonium sulphate — -propanol (100:60:2). The last 
three solvents were used for detection of ultraviolet absorbing compounds 
as described in circular OR-7, issued by Pabst Laboratories, 1037 W. McKinley 
Avenue, Milwaukee 5, Wisconsin, U.S.A., March 1955. 

Spray reagents employed were: for phosphates, the Hanes—Isherwood 
reagent (4); for reducing substances, alkaline silver nitrate (5). 


Paper Electrophoresis 

Horizontal paper electrophoresis was carried out on water-washed What- 
man 3MM paper in M/40 NaHCO; (E-C Apparatus Company, Swarthmore, 
Penn.). Nine hundred volts was applied across strips approximately 30 cm 
long for 4 hours. 


Ethanol Solutions from A. xylinum Suspensions 

The cells from 12 ml of suspension prepared as described previously (6) 
were washed three times with approximately 30 ml of 0.02 M acetate buffer, 
pH 5.0, the washings being discarded. Final resuspension was in the same 
buffer to give a total volume of 2.5 ml. This volume of suspension was then 
poured into 17.5 ml of the acetate buffer containing 1 mg of glucose and 
incubated at 35° C for 5 minutes. Metabolism of the cells was stopped by 
pouring the suspension into 80 ml of boiling absolute ethanol. Particulate 
material was removed by centrifugation and the supernatant taken to dryness 
on a rotary evaporator at 40° C. The residue was redispersed in 0.30 ml of 
water and cations removed with a few grains of Amberlite IR 120 (H?*). 
Aliquots of the resulting solution were used for chromatography. In studies 
of the variation of concentration of constituents with time, the period of 
incubation was 0, 1, 2, 5, or 10 minutes. 


Preparation of Filtered Cell Supernatant 

During the preparation of these supernatants, the above procedure was 
followed until the end of the incubation period. The cell suspension was then 
poured through a Millipore filter, Grade HA, into 80 ml of absolute ethanol 
cooled to the temperature of dry ice. Total filtration time was 4 minutes or 
less. The resulting ethanol solution was then dried and treated as above. 

Two methods were used for semiquantitative assay of the activity of both 
a G-1-P and 2 G-1-P in suspensions of A. xylinum. Preliminary trials showed 
that the rate of flocculation of cells in suspensions of A. xylinum in glucose 
solutions is directly correlated with production of cellulose microfibrils and 
this affords a convenient, semiquantitative method for comparison of the 
activity of cells or of substrates, all other conditions being kept constant. 
Accordingly, the suitability of both a and @ G-1-P as substrates for cellulose 
production was compared with equimolar quantities of glucose, the rate of 
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aggregation of whole cell suspensions being used as a measure of cellulose 
production. The validity of this routine assay was confirmed by comparing 
the rate of microfibril formation in cell suspensions containing equimolar 
quantities of a G-1-P, 8 G-1-P, and glucose by the electron microscope (6, 7). 

Cell homogenates of A. xylinum were prepared as previously described (8). 

The sample of a G-1-P used was a dipotassium salt from Schwarz Labo- 
ratories, New York. The 8 G-1-P was a generous gift from Dr. H. G. Khorana, 
University of Wisconsin, and formed part of a sample of the barium trihydrate 
salt given to him by Professor W. Z. Hassid, University of California. It was 
converted to the potassium salt before use. 


Results 


Chromatography of the ethanol extract of actively metabolizing A. xylinum 
cells in solvent I showed a discrete spot with an R; of about 0.18 when the 
paper was sprayed with the phosphate reagent, and developed under ultra- 
violet light. This spot was in addition to previously reported constituents (1). 
The component moved with the same mobility in this solvent as standard 
G-1-P. In addition, like standard G-1-P, it was non-reducing to alkaline silver 
nitrate whereas G-6-P and 6-phosphogluconate readily reduced silver nitrate. 
To confirm the suggestion that the component was an isomer of G-1-P it was 
shown to co-chromatograph in solvents III and IV with a sample of G-1-P. 
Similar results were obtained from chromatography in solvent II except that 
resolution was much poorer. Furthermore, the component migrated with the 
same velocity in paper electrophoresis as synthetic G-1-P. Finally, a sample 
was isolated by paper electrophoresis, hydrolyzed for 1 hour with 1 N HCl at 
100° C in a sealed tube, and after chromatography with solvent I yielded only 
inorganic phosphate and glucose. 

No evidence for either G-6-P or 6-phosphogluconate was obtained in any of 
the ethanol solutions. 

The foregoing results established that ethanol extracts of actively metabo- 
lizing A. xylinum cell suspensions contained G-1-P but the possibility remained 
that the sugar ester was merely extracted from the cells by the solvent. How- 
ever, two lines of evidence suggest that the G-1-P was secreted into the 
medium. First, suspensions of washed cells containing no extracellular glucose, 
when extracted under the same conditions as actively metabolizing cells, 
showed no evidence for G-1-P in any of the above solvents. Second, cell 
supernatants obtained by Millipore filtration of actively metabolizing suspen- 
sions of cells in glucose contained concentrations of G-1-P equivalent to those 
of the initial ethanol extracts. Since the intact washed cells in these prepara- 
tions were never in contact with ethanol, the G-1-P must have been among 
solutes secreted by the cells into the medium. ; 

The variation in concentration of extracellular G-1-P was studied as a 
function of time. Under the conditions used G-1-P increased from an un- 
detectable quantity at zero incubation time to a maximum from between 
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2 and 5 minutes incubation. With the concentration employed, free glucose 
was exhausted at 10 minutes and about this time also G-1-P again became 
undetectable. 

These observations (and those of Ziegler and Weigl (2)) suggest that either 
G-1-P or G-6-P might be an immediate precursor in the extracellular synthesis 
of bacterial cellulose. Accordingly, repeated attempts were made to demon- 
strate increased synthesis of cellulose in whole cell suspensions or homogenates 
in the presence of a or ? G-1-P. In confirmation of reports from other lab- 
oratories (9) all attempts to do so failed. 

In the absence of contrary evidence, the presence of extracellular G-1-P 
might be attributed to degradation of uridine diphosphate glucose, which has 
been suggested as the donor of glucose residues (10). However, if this were so, 
uridine diphosphate glucose, uridine diphosphate, or uridine monophosphate 
might be expected to be present in comparable concentration in the extracts. 
Repeated attempts by chromatography, using solvents V, VI, and VII, failed 
to detect any of these compounds. 


Discussion 


The above results show that G-1-P is present in the extracellular medium of 
A. xylinum in general agreement with the suggestion of Schramm, Gromet, 
and Hestrin (1). However, they also indicate that neither it, G-6-P, nor 
uridinediphosphoglucose plays any immediate role in the extracellular synthesis 
of bacterial cellulose. In addition, once the G-1-P is outside the cell, at least 
two possibilities for further transformation exist. In washed cell suspensions, 
extracellular G-1-P is rapidly degraded, presumably to glucose and ortho- 
phosphate since it disappears simultaneously with free glucose and no accumu- 
lation of other esters is evident. On the other hand, in older unwashed cultures 
(2) the medium probably contains phosphoglucomutase from lysed cells (11) 
and G-1-P is almost completely converted to G-6-P (12). 

Although these observations present another instance of transport of ionic 
residues from the intracellular pool across a membrane, how the G-1-P crosses 
the bacterial cell wall is still a matter of conjecture. If free diffusion is rejected 
as the mechanism, one may postulate that the phosphate radical is temporarily 
masked (1) or that the ester is attached temporarily and intracellularly to a 
sufficiently large non-polar carrier molecule so that it can be transported out- 
side despite the ionic charge. Once across the membrane, the non-polar 
moiety may be removed enzymatically and possibly be recycled, leaving the 
sugar ester outside. A sugar nucleotide, attached to a lipid, would constitute 
such a carrier of a hexose phosphate residue but its presence is as yet hypo- 
thetical. 
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PROGRESS AND RATE OF ABSORPTION OF RADIOPHOSPHORUS 
THROUGH THE INTESTINAL TRACT OF RATS! 


C. F. CRAMER 


Abstract 


Rates of absorption and the movement of P®? through the intestine of adult rats 
were measured. These two measurements were combined mathematically to 
estimate the effective contribution of each segment of the intestinal tract toward 
normal absorption of phosphorus. All parts of the intestinal tract were able to 
absorb P%*, The rate of absorption was greatest at the duodenum, followed by 
the jejunum, ileum, colon, and stomach in decreasing order. However, since P** 
passed rapidly through the duodenum and jejunum, less material was available 
to be absorbed, with the result that absorption was less effective in these segments 
than it was in the ileum. When the progress and rate of absorption was combined 
quantitatively, the greatest effective absorption was found to occur in the ileum 
(which absorbed 38% of the total), followed by the duodenum (29%), jejunum 
(25%), and colon (8%). Two factors were found to limit P** absorption: (a) move- 
ment of the isotope into gut segments having slower absorption rate, and (0) 
decreased absorption of P*? in each gut loop with time. Similar factors had been 
found previously to limit Sr® absorption. 


Introduction 


Although the rates of absorption of phosphorus have been measured qualita- 
tively in some segments of the gastrointestinal tract, the most effective site of 
phosphorus absorption has not been demonstrated. Rapid absorption in the 
small intestine has been observed in sheep by Wright (1), in rats by Bergeim 
(2), in pigs by Moore (3), and in man by Johnson (4). Some workers found 
phosphorus absorption to be greater in the lower than in the upper part of the 
small intestine (1, 3). However, Fournier found that the most rapid absorption 
occurred in the stomach and upper half of the small intestine, and that none 
occurred in the ileum, cecum, or colon of the rat (5). The differences in method 
apparently can explain the differences in conclusions. 

Recently, methods have been developed which measure continuously the 
rates of absorption from each segment of the gut (6), and also the actual move- 
ment of the ‘‘tagged’’ radioactive isotope through the intestine (7). It was 
then possible to estimate the relative effectiveness of absorption of certain 
elements by various parts of the intestinal tract (8). The purpose of this study 
was to measure the rates of absorption and transit of P** and to estimate the 
actual contribution of each segment of the intestinal tract to phosphorus 
absorption in intact rats. 


Methods 


Adult female rats of the Wistar strain weighing 200-220 g were fasted over- 
night and anesthetized with urethane. The gut loop to be studied was tied 
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above and below at two of the following points: the pylorus, the duodeno- 
jejunal ligament, the mid-point between this ligament and cecum, the ileo- 
cecal juncture, and the anal sphincter. The lengths of these segments were 
similar to those in a previous study (8). Twenty microcuries of carrier-free P*? 
in 0.5 ml physiologic saline was injected into the lumen of each loop. The rates 
of absorption were measured by in vivo techniques described previously (6) 
and the progress of P** along the intestinal tract was measured by another in 
vivo method (7). Effective absorption in various divisions of the intestine was 
estimated by the method of Cramer and Copp (8). Net absorption is defined 
as percentage of dose of P** in the urine and in the carcass after the contents of 
the intestinal tract have been removed. 


Results 


Figure 1 shows the in vivo net absorption from each isolated gut segment. 
Each graph represents the average of eight individual rats, with the standard 
error indicated by vertical lines. The rate of absorption at any time was 
determined by drawing a tangent to the graph at that point. Rapid absorption 
occurred in all divisions of the small intestine, and significant absorption 
occurred in the colon under these conditions. Absorption from the cecum is not 
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shown, but in 6 hours amounted to 3.1% of a dose of P*? injected directly into 
the cecum. Figure 2 shows the fraction of P** which was found in each segment 


Qy = Fraction p*? 
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Fic. 2. Fraction of P** in divisions of intact gut during transit. Each point represents 
an average of values from five rats. 


of the intestinal tract of intact rats at various times after the isotope was 
administered by stomach tube. Each point represents three to five rats. Figure 
3 reflects both transit and absorption of P**. It is possible to combine the 
measurements of these two factors to estimate the actual effectiveness of each 
intestinal region for absorbing P**. The details of the method of estimation 
were given in a previous study (8). Briefly, this was done as follows: The rate 
of absorption at any time was multiplied by [100/(100—A,)]Q, where A is 
net absorption of P*? at time ¢, and Q is the fraction of P*? in each segment of 
the gut at the time. This computation gave the effective rate of absorption. 
A graph of these effective rates (not shown) was integrated graphically to give 
cumulative effective net absorption for each gut segment, as shown in Fig. 3. 
The sum of the estimated effective absorption for all the segments should 
duplicate the typical P*? absorption graph for normal rats, This comparison is 
included in Fig. 3, and the similarity of the curves suggest that the methods of 
estimation of effective absorption are valid. The amounts of effective net 
absorption found were ileum (38% of total), duodenum (29%), jejunum (25%), 
and colon (8%). 











502 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 39, 1961 











% Dose P >* 
_y~ Observed (intact Rats) 
60 
“L Calculated 
I (a-d) Segments 
40 - 
i 
/, _.-e—--0—--4 (c) ileum 
20- ee —e sa 
+ _ x x a) Duodenum 
eee geen ct ceene scoop eco nenlipe es cond i aajenem 
y ie et 
/, ste - 
as ." 
ee a —o:-—-o—---0 (d) Colon 
° . a . . 
O° ! 2 3 4 


Time in Hours 
Fic. 3. Estimated effective absorption of P%? from divisions of intact gut. 


Discussion 


The experimental method presented has the advantage of showing quantita- 
tively throughout the absorption period the rates of absorption and the amount 
of isotope available in each segment at any time up to 6 hours after administra- 
tion. The actual contribution of each segment towards normal absorption of 
the isotope can then be estimated, if we assume that the rate of absorption is 
not altered under experimental conditions. Preliminary tests have shown that 
anesthesia did not alter the rate of absorption of P**, as shown also for Sr®? (6). 
Movement of the radioisotopes through the intestine may be assumed to have 
been normal, since the rats were normally active following administration of 
the tracer by stomach tube until the time of quick sacrifice. 

Comparing the findings of the present study to parallel results for calcium 
in the previous study (8), the most noticeable difference was the much more 
rapid rate of absorption of phosphorus than of calcium in the duodenum, 
which almost balanced the rapid movement of the isotope out of the duodenum 
into the lower segments. Thus, effective absorption of P*? apparently was 
spread more evenly throughout the small intestine than that of calcium or 
strontium. The duodenum absorbs phosphorus more effectively than it does 
calcium or strontium, but with all these radioisotopes the ileum with its larger 
storage capacity ultimately exceeds the duodenum in amount of absorption. 

It should be noted that these experimefits have been carried out under 
conditions standardized by this laboratory, and the results presented may be 
to some degree relative to the conditions chosen. The conditions were chosen 
to be as ‘“‘normal”’ as possible; namely, balanced diet, overnight fasting, and 
anesthesia only when surgery was necessary. Experiments to evaluate the 
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effect of changes in these conditions are continuing, and will be published, but 
it can be said that the absorption rate or movement of tracers through the 
intestinal tract is not very sensitive to such changes. For instance, it has been 
found that simple overnight fasting versus ad libitum feeding did not greatly 
alter transit or absorption of radiostrontium (7), or phosphorus (6). Observa- 
tion of the rat intestine under various conditions of feeding and diet has shown 
no appreciable food retention in the duodenum, and considering the volume of 
juices which enter it and wash it clean, it is not probable that absorption will 
vary greatly from the values reported. 

It is concluded that two factors normally limit absorption of P**: (a) move- 
ment of the isotope into segments having lower absorption rates, and (0) a 
decrease in absorption in each gut segment with time. That is, unknown 
factors cause radioisotope absorption rate to diminish with time, even when the 
factor of transit through the intestine is removed (see Fig. 1). These factors 
had been found to limit calcium and strontium absorption (8). 

There are a number of advantages in the choice of a short period of measure- 
ment of absorption. First, the observations (see Fig. 1) show that absorption of 
P%2 was nearly complete after 4 hours. Second, endogenous excretion of P** 
back into the gut was very low (it was found to be 1.5% of administered dose 
in 6 hours), so this was a negligible error if a short period was used. In contrast, 
Fournier, using the inert indicator technique over several days, presumed that 
endogenous excretion tended to mask absorption (5). Finally, the short time 
period used also minimized redistribution and urinary and fecal excretion of 
P*?. That is, P**, once absorbed, enters bone and other tissues, but in time part 
returns to the circulation and is excreted into the kidney and gut. Excretion in 


particular is a cumulative process and the picture becomes more complex after 
a few hours. 
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MARINE STEROLS 


VIII. IN VIVO TRANSFORMATIONS OF THE STEROL SIDE CHAIN 
BY A CLAM! 


U. H. M. FAGERLUND AND D. R. IDLER 


Abstract 


Analysis of the ozonolysis products of a sterol fraction obtained from clams 
(Saxidomus giganteus) injected with cholesterol-26-C'4 has demonstrated that 
these molluscs are able to introduce unsaturation into the cholesterol side chain 
at C-22 and C-25. 


The origin of the sterols of marine invertebrates has for some time been under 
investigation in this laboratory. A previous publication (1) revealed the 
ability of a starfish (Pisaster ochraceus) to convert injected cholesterol into 
7-cholestenol and the ability of two pelecypods, a mussel (Mytilus califor- 
nianus) and a clam (Saxidomus giganteus), to synthesize a sterol from injected 
acetate-2-C', The exact nature of this sterol was not determined but when 
the azoyl ester mixture of the sterol fraction was chromatographed, the major 
portion of the radioactivity was found in a zone which on previous chromato- 
grams of clam steryl azoyl esters has contained monounsaturated A°-sterols. 
The zone containing 24-methylenecholesterol carried a small amount of radio- 
activity which, however, constituted only a minor fraction of the total radio- 
activity in sterols. 

In order to ascertain whether the low radioactivity in the 24-methylene- 
cholesterol zone possibly was due to the formation of secondary products, 
cholesterol-26-C'* has been injected into clams. The results demonstrate that 
the sterol side chain can undergo unsaturation in at least two positions, viz., 
at C-22 and C-25. 

Dehydrogenation in the C-25 position has been observed to occur in mouse 
and rat liver preparations (2, 3). To the best of our knowledge biological 
dehydrogenation in the C-22 position of the sterol side chain has not previously 
been demonstrated experimentally. Whether the reaction is a direct dehy- 
drogenation or a hydroxylation at C-22 or C-23 followed by dehydration is not 
established by this investigation. 


Experimental 
Radioactivity was determined with a gas-flow counter equipped with a 
“‘micromil”’ window. 
Clams (about 10 cm long) were held in an aerated aquarium filled with sea 
water and were fed from time to time with macerated brine shrimp. The 
1Manuscript received October 5, 1960. 
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aquarium was chilled from the outside with running tap water. Cholesterol- 
26-C'4* (3.9 10° c.p.m.) was dissolved in 0.5 ml of spring salmon oil and the 
oil was injected at random into the bodies of four clams with a 22-gauge 
hypodermic needle forced in between the closed shells. Four days after the 
injection the clam shells were opened and the contents macerated in a Servall 
Omni-Mixer. The oil was extracted with hot acetone and saponified with 
potassium hydroxide. The sterol fraction was obtained by chromatography of 
the nonsaponifiable matter on neutral aluminum oxide ‘‘Woelm”’ (activity 
grade I]).¢ The portion eluted with 10% methanol in methylene chloride 
was esterified with p-phenylazobenzoyl chloride (4). The mixed esters were 
chromatographed on silicic acid — Celite 535 using petroleum ether — benzene 
(5.5:1) to develop the chromatogram (5). Two colored zones were visible on 
the chromatogram. By its rate of movement the upper zone was identified 
with zone 2 (or 2) of previous chromatograms (6) found to contain 24-methyl- 
enecholesterol, and the lower zone identified with the zone containing mo- 
nounsaturated A®-sterols. Of the total radioactivity located in the two zones, 
16.2% was found in the 24-methylenecholesterol zone. The latter zone was 
eluted, crystallized from benzene — aqueous methanol, and hydrolyzed. A portion 
of the hydrolyzed material was crystallized from methanol. The melting point 
was then 122—124°. A second crystallization did not appreciably change the 
melting point. Although the melting point was low, the infrared spectrum of 
the crystallized sterol was consistent with that of 24-methylenecholesterol. 


Ozonolysis of Upper Zone Acetate 

The hydrolyzed material was acetylated and 40 mg were ozonized in a 4:1 
mixture of acetic anhydride and acetic acid in an ice-salt bath. The reaction 
mixture was heated over zinc dust and steam distilled into a sulphuric acid — 
ethanol-water solution of 2,4-dinitrophenylhydrazine. The contents of the 
receiver were diluted with water and extracted with ethyl acetate, which was 
washed with water, dried with sodium sulphate, and evaporated to dryness. 
The residue was chromatographed on aluminum oxide of activity grade II. 
The chromatogram was developed with hexane:benzene (2:1). The two zones 
that appeared had the R; values of formaldehyde (upper zone) and isovaleral- 
dehyde (lower zone) 2,4-dinitrophenylhydrazones. They were eluted from the 
column with the same solvent. 

Material from the upper zone was chromatographed on Whatman No. 1 
filter paper treated with a solution of 5% olive oil in chloroform (7). The 
chromatogram was developed descending in isopropanol—water (1:1) for 24 
hours. The material separated into two spots of approximately equal size. 
The faster-running substance travelled with the same Ry; value as formal- 
dehyde 2,4-dinitrophenylhydrazone. An aliquot (0.75 mg) of the crude upper 
zone from the aluminum oxide chromatogram was combined with 10.25 mg 


*Supplied by Beta Laboratories Inc., Philadelphia, Pa., U.S.A. 
tSupplied by Alupharm Chemicals, P.O. Box 755, New Orleans, La., U.S.A. 
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of non-radioactive formaldehyde 2,4-dinitrophenylhydrazone. The mixture 
then had a specific activity (S.A.) of 40.9 c.p.m./mg. A constant S.A. of 16.5 
c.p.m./mg was attained after three crystallizations from aqueous methanol. 

The material from the lower zone was chromatographed on filter paper 
treated with olive oil. This material also separated into two spots of approx- 
imately equal size. The faster-running component had the same Ry; value as 
isovaleraldehyde. The slower-running component travelled at the same rate 
as methylisopropyl acetaldehyde. This compound has previously been 
observed in the ozonolysis products from crude preparations of 24-methyl- 
enecholesterol from oyster. An aliquot (0.75 mg) of the crude lower zone 
from the aluminum oxide chromatogram was combined with 10.52 mg of non- 
radioactive isovaleraldehyde 2,4-dinitrophenylhydrazone. The S.A. of the 
mixture was 45.5 c.p.m./mg. After three crystallizations the S.A. had dropped 
to a constant value of 23 c.p.m./mg. 

Material recovered from the supernatants from the crystallizations of the 
mixed isovaleraldehyde 2,4-dinitrophenylhydrazones was dissolved in chloro- 
form. Bromine in chloroform solution was added at room temperature until 
the solution was red in color. The solvent was evaporated under a stream of 
nitrogen and the residue crystallized several times from aqueous methanol to 
a constant activity of 23 c.p.m./mg. 


Rearrangement with HCl 

A mixture of 40 mg of upper zone acetate and 77.5 mg of non-radioactive 
24-methylenecholesteryl acetate, obtained from clams, was dissolved in 5 ml 
of chloroform and HCl gas was passed through the solution for 8 hours (8). 
The solution was evaporated with a stream of nitrogen and 5 ml of acetic 
anhydride was added. The mixture was refluxed for 11 hours. The dehydro- 
halogenated product was then ozonized in an ice-salt bath. Zinc dust was 
added and the mixture was steam distilled into a 2,4-dinitrophenylhydrazine 
solution as outlined above. The evaporated ethyl acetate extract was chro- 
matographed on aluminum oxide. Three zones developed on the chromato- 
gram. The mobility of the bottom zone was similar to that of the 2,4-dinitro- 
phenylhydrazone of 3-methyl-2-butanone and isovaleraldehyde. One milli- 
gram of the material obtained from the bottom zone with a radioactivity of 
78 c.p.m. was combined with 8.8 mg of non-radioactive authentic 3-methyl-2- 
butanone 2,4-dinitrophenylhydrazone and crystallized from aqueous methanol. 
In two crystallizations the mixture apparently lost all its radioactivity. The 
material obtained from the bottom zone was then crystallized undiluted. 
Three crystallizations removed most of its radioactivity. However, four 
additional crystallizations failed to remove the last traces (1 to 2 c.p.m./mg 
over background) of radioactivity. When isovaleraldehyde 2,4-dinitrophenyl- 
hydrazone was added to material obtained from the supernatant from the 
first crystallization, a 2,4-dinitrophenylhydrazone was obtained that could be 
crystallized to constant activity. 
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Discussion 

Cholesterol-26-C'* has been injected at random into clams (Saxidomus 
giganteus). Ozonolysis of the crude 24-methylenecholesterol, obtained by 
chromatography of the azoyl esters of the sterol fraction, resulted in the for- 
mation of a mixture of steam volatile carbonyl compounds, from which radio- 
active isovaleraldehyde and formaldehyde could be isolated as 2,4-dinitro- 
phenylhydrazones. This demonstrates the introduction of both a C-22 and a 
C-25 double bond into the sterol molecule. Both conversions were observed 
in the order of 1% calculated on the total radioactivity in the sterol fraction. 
The fact that dehydrogenation can take place at both the C-22 and the C-25 
positions in the same invertebrate raises the possibility that both double 
bonds can be introduced into the same molecule, with the formation of a 
C-22,25 diunsaturated side chain. Such a side chain configuration has been 
observed in a sterol isolated from cucurbit seeds (9). The ozonolysis of such a 
sterol could conceivably produce the unsaturated aldehyde 3-methyl-3- 
butenal. To exclude the possibility that this aldehyde contaminated isovaleral- 
dehyde, the 2,4-dinitrophenylhydrazone of the mixture of the radioactive 
and non-radioactive isovaleraldehyde was treated with bromine and recrystal- 
lized several times. No change in the S.A. was observed. 

The addition of hydrogen chloride to 24-methylenecholesteryl acetate and 
subsequent dehydrohalogenation with acetic anhydride result in migration of 
the C-24(28) double bond to the C-23 position. Ozonolysis then affords 
3-methyl-2-butanone. The isolated ketone was found to be free of any signifi- 
cant amount of radioactivity. 

The presence in clams of a system capable of dehydrogenation in the C-22 
and C-25 positions and the earlier reported C-22,25 diunsaturated sterol 
isolated from other biological material are consistent with a theory advanced 
by Tschesche and Korte (10) as to the mode of formation of C-28 and C-29 
sterols in plants. According to this theory the activation of C-24 by a system 
of C-22 and C-25 double bonds would facilitate the addition of one or two 
carbon-units at C-24. An intermediate with three double bonds would first be 
formed and by hydrogenation would give rise to C-28 and C-29 sterols. If the 
assumption is made that the same reaction sequence takes place in clams, 
24-methylenecholesterol would be derived from a precursor with a cholesterol- 
type side chain. 24-Methylenecholesterol would then have a lower specific 
activity than the A®* and A®> precursors. Furthermore, consideration must be 
given to the possibility that 24-methylenecholesterol has a specific function in 
the cell. A differentiation in the function of sterols has been indicated in 
certain insects (11). If 24-methylenecholesterol has a structural role, the turn- 
over of the sterol can be expected to be sli€ht because of the slow growth rate 
of the clam. Consequently the addition of C-28 may take place at a com- 
paratively slow rate. The final activity of 24-methylenecholesterol might 
then be too small to detect under the present conditions. This reasoning is 
consistent with the observation that the 3-methyl-2-butanone obtained from 
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the side chain through hydrogen chloride rearrangement and ozonolysis, when 
crystallized, initially suffered a sharp drop in S.A., but could not be entirely 
freed from radioactivity. 

It has been reported in a previous publication (1) that the injection of radio- 
active acetate into clams resulted in only negligible radioactivity in the 
24-methylenecholesterol zone. For the same reasons as outlined above, it 
cannot be concluded from those experiments that 24-methylenecholesterol is 
not synthesized from acetate. 
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VARIABILITY IN NUTRITIONAL VALUE OF FISH FLOUR' 


A. B. MorRISON AND J. M. MCLAUGHLAN 


Abstract 


Corrected protein efficiency ratio (P.E.R.) values for various samples of fish 
flour were found to vary from 1.51 to 2.76. Coefficients of apparent protein 
digestibility were similar for all flours tested, but the lysine in the sample which 
gave the lowest P.E.R. was less available by rat bio-assay than that in the other 
samples. Although the variation in nutritional value could not be ascribed to 
differences in the total lysine, methionine, and cystine contents of the samples, 
reduced amounts of lysine and methionine were released by pancreatic digestion 
of the flour which gave the lowest P.E.R. value. It was suggested that the reduced 
utilization of the amino acids in this sample may have resulted, in part, from a 
reduction in their rates of release in vivo. It was concluded that although fish 
flour may vary widely in nutritional value, properly prepared samples provide high 
quality protein for use in human or animal diets. 


Introduction 


In previous reports Morrison and Campbell (1, 2) demonstrated that properly 
prepared fish flour was an excellent source of high quality protein, and con- 
cluded that because of its high lysine content, fish flour should be of particular 
value in supplementing diets deficient in lysine. Miller (3) found the percentage 
net protein utilization of a deodorized fish flour to be 67, significantly less than 
that found for cod protein preparations produced in the laboratory. In studies 
conducted for the Food and Agriculture Organization of the United Nations, 
Bender (4) observed that net protein utilization values for various samples of 
fish flour ranged from 18 to 80, and digestibility coefficients varied from 47 to 
97. The present studies were conducted to obtain further information on 
variability in nutritional value of fish flour. Data on protein efficiency ratios, 
digestibility of the protein, and amino acid composition were obtained. 


Experimental 


Five samples of fish flour, prepared from different raw materials by various 
procedures, were tested. Samples A, B, and C were the same as samples A, 
H, and I, respectively, of Kurtzman et al. (5). Sample A was prepared from 
cod and haddock fillets by azeotropic solvent extraction of the raw material 
with ethylene dichloride, followed by deodorizing with ethanol. Sample B 
contained whole cod, herring, hake, shark, and ray, and was prepared by solvent 
extraction of the raw material. No information was available on the solvent 
used in the preparation of this flour. Sample C was prepared from whole 
menhaden by solvent extraction of the raw material, with tertiary butanol. 
Samples CC and CH were prepared from cod and herring offal, respectively, by 
isopropanol extraction according to the procedure of Guttmann and Vanden- 
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heuvel (6). Briefly, this procedure involves heating washed fresh offal with 
dilute acid, followed by washing, pressing, and solvent extraction of the press 
cake. The protein (N X6.25) contents of the samples in percentage were as 
follows: A, 85.9; B, 82.6; C, 84.9; CC, 90.0; CH, 86.4. It should be noted that 
determination of the protein content of sample B from the nitrogen content 
may be somewhat inaccurate because of the inclusion, in this sample, of shark 
flesh, which contains an appreciable amount of non-protein nitrogen. 

In the rat studies, male weanling Wistar rats of the Food and Drug colony 
were housed individually in screen bottom cages kept in an air-conditioned 
room maintained at 74° to 76° F. Food and water were supplied ad libitum 
and records were kept of the amount of food consumed by each animal. In 
experiments 1 and 2, comparable groups of 10 rats received the protein-free 
basal diet of Chapman et al. (7) supplemented with 10% protein (N X6.25) 
supplied by the various samples of fish flour. The animals received the diets 
for 28 days, at the end of which time they were killed by ether anesthesia, 
exsanguinated, and the livers, kidneys, and adrenal glands were removed and 
weighed. Liver lipid levels were determined by the method of Folch ef al. (8) 
and were expressed on a wet weight basis. 

In experiment 3, comparable groups of five rats received the protein-free 
basal diet supplemented with 20% protein (N X6.25) supplied by the various 
samples of fish flour. After 2 weeks, the animals were placed in metabolism 
cages and feces were collected during a 3-day period for determination of 
apparent protein digestibility values. The food and feces were analyzed for 
nitrogen by the micro-Kjeldahl procedure. 

Experiment 4 was conducted to determine the biological availability of lysine 
in the five samples of fish flour, by use of a rat bio-assay procedure. The basal 
lysine-deficient diet used was similar to that of Gupta ef al. (9) and contained, 
in percentage, sucrose, 59.35; wheat gluten, 20; mineral mixture U.S.P. XIV, 4; 
corn oil, 10; vitamin mixture, 1; non-nutritive cellulose, 5; L-histidine HCl, 
0.20; pL-methionine, 0.20; DL-threonine, 0.20; DL-tryptophan, 0.05. The diet 
contained approximately 0.3% of lysine. During a 3-week period, comparable 
groups of seven rats received the basal diet alone or supplemented with 
0.08-0.64% of L-lysine or with sufficient fish flour to supply 0.20% of lysine. 
The supplements were added to the diet at the expense of sucrose. Availability 
of lysine was calculated in two ways. In method A, the growth responses 
obtained upon supplementing the basal diet with the various samples of fish 
flour were compared with those obtained upon supplementing the diet with 
crystalline L-lysine. Method B also involved a comparison of the growth 
responses obtained with the fish flours with those obtained with pure lysine, 
but in this case gains per 100 g of food c6nsumed were used. 

Lysine, methionine, and cystine were determined in acid hydrolyzates of 
the flours by the microbiological procedure of Steele et al. (10), using L. 
mesenteroides P-60 as the test organism. Hydrolyzates for lysine and methionine 
assay were prepared by refluxing the samples with 20% (v/v) hydrochloric acid 
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for 8 hours, whereas those for cystine assay were prepared by refluxing for 
2 hours. Enzymatic digests of the fish flours were prepared by a modification 
of the procedure of Riesen ef al. (11), whereby 0.5 g of protein was shaken on a 
Dubnoff metabolic shaker for 18 hours at 37° C with 80 mg of pancreatin in 
40 ml of 0.2 M Na2HPO, buffer. 

The data were subjected to appropriate statistical analyses by methods 
outlined by Snedecor (12). 


Results 


Protein Efficiency Ratio (P.E.R.) Values and Organ Weights 

The results of experiments 1 and 2 are summarized in Table I. The weight 
gain and P.E.R. values found with fish flour A were significantly lower 
(P <0.01) than those found with fish flours B and C. Fish flour B, which was 
produced from a mixture of fish, including shark and ray, gave significantly 
higher P.E.R. and weight gain values than did fish flour A, but significantly 
lower values than did fish flour C. The values found with fish flour C were 
similar to those obtained with the casein control diet. 

The organ weights of the animals in experiment 1 (Table I) were examined 
by analysis of covariance, to take into account differences in body weight. 
When adjusted for differences in body weight, the weights of the livers, kidneys, 
and adrenal glands of the animals fed the various diets did not differ signifi- 
cantly. 

Liver lipid levels in experiment 1 varied from 3.3 to 4.2%, and were not 
apparently influenced by the diet fed. 

In experiment 2, the P.E.R. values for the two samples of fish flour tested 
were similar and somewhat greater than that for casein. The weight gain 
found with sample CH, prepared from herring offal, was significantly greater 
than that obtained with sample CC, prepared by the same process from cod 
offal. When adjusted for differences in body weight by analysis of covariance, 
the livers, kidneys, and adrenal glands of the animals in experiment 2 did not 
differ significantly in weight. Liver lipid levels did not differ significantly from 
group to group. 

Apparent Protein Digestibility 

Data on the apparent digestibility of the protein in the five samples of fish 
flour are summarized in Table II. All of the samples showed apparent digesti- 
bility values of over 90%. The value found for sample B (91.8%) was signifi- 
cantly lower than those found for the other samples. 


Availability of Lysine 

The results of the experiment on in vivo availability of lysine in the various 
samples are summarized in Table III. The growth responses obtained by 
addition of crystalline L-lysine to the basal diet were linear up to approximately 
0.5% of added lysine. The animals given the basal diet supplemented with 
0.64% of lysine gained 64 grams during the 3-week period, an amount similar 
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Apparent digestibility of the protein 


TABLE II 


in five samples of fish flour 








Description of sample 


Apparent digestible protein 
G0 


oO 





A 
B 
2 
cc 
CH 


95.7+0.44* 
91.8+0.98 
94.0+0.81 
95.3+0.51 
94.2+1.89 





*Standard deviation. 


Availability of lysine from various samples of fish flour 


TABLE III 








Amount of 


Available lysine 
as read from: 


Availability as 
calculated from: 








supplementary 
Fish flour lysine A* B A B 
added (g/100 g food) = (g/100g) (g/100 g) (%) (%) 
A 0.200 0.150 0.160 75 80 
B 0.200 0.170 0.173 85 86 
.. 0.200 0.210 0.210 105 105 
ic 0.200 0.205 0.202 102 101 
CH 0.200 0.195 0.195 97 97 





*A =average gain/3 weeks; B =average gain/100 g food. 


to that normally obtained in rats of the Food and Drug colony given an ade- 
quate purified diet. It may be concluded, therefore, that lysine was the only 
limiting factor in the basal diet. The data show that the lysine in samples C, 
CC, and CH was completely available in vivo, whereas that in sample A was 
only about 75% available. Sample B showed an availability value intermediate 
between those found for sample A and the other flours. The method of calcu- 


lating availability had no consistent effect on the values obtained. 


Amino Acid Analyses 


The results of the amino acid assays are presented in Table IV. Each value 
represents the mean of at least two assays conducted at different times. The 
amount of lysine released from the various flours by acid hydrolysis varied 


TABLE IV 
In vitro release of lysine, methionine, and cystine from fish flour 








Sample (g/16 g N) 








Method of 
Amino acid hydrolysis A B Cc cx CH 
Lysine Acid 9.51 8.20 9.51 9.47 10.78 
Enzyme 1.34 4.76 4.16 4.58 5.47 
Methionine Acid 3.30 3.37 3.62 3.72 4.00 
Enzyme 0.21 1.18 0.79 0.95 1.04 
Cystine Acid 0.84 0.62 0.93 0.93 0.78 
Enzyme 0.23 0.49 0.27 0.17 0.45 
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from 8.20 g/16 g N (sample B) to 10.78 g/16 g N (sample CH). Sample B also 
tended to be lower than the other samples tested in total sulphur amino acid 
content, especially in the cystine component. The amounts of lysine and 
methionine released from sample A by pancreatic digestion were much lower 
than those released from the other flours. Release of cystine by enzymatic 
digestion of the various samples was variable and did not appear to be related 
to the release of the other two amino acids studied or to the nutritional value 
of the samples as determined by rat assay. 

Simplified chemical score values for the various samples were calculated by 
a slight modification of the procedure of McLaughlan et al. (13), whereby the 
lysine, methionine, and cystine contents of the flours were expressed as a 
percentage of the concentration of each amino acid in hydrolyzed egg protein. 
As in the original chemical score procedure of Block and Mitchell (14), the 
combination of methionine and cystine was used in calculating simplified 
chemical scores because cystine was the most deficient of the three amino acids 
studied. The values obtained were as follows: A, 90; B, 87; C, 98; CC, 101; 
CH, 104. With the exception of sample A, P.E.R. and simplified chemical 
scores for the various samples showed good correlation. 


Discussion 


The results presented above indicate that fish flour may vary widely in 
nutritional value. Corrected P.E.R. values ranged from 1.51 (sample A) to 
2.76 (sample CH). The P.E.R. value for sample A was similar to those found 
previously in this laboratory for cooked peas and beans (7). These findings 
are in agreement with those of Kurtzman et al. (5), who also observed wide 
variability in nutritional value of fish flours and concluded that sample A was 
inferior in value, whereas sample B was intermediate, and sample C was of 
superior quality. 

The values for apparent digestibility of the protein in the various samples of 
fish flour showed that the low nutritional value of sample A could not be 
explained on the basis of the apparent digestibility data provided by the test 
used. Furthermore, the results of experiment 4 indicated that the lysine in 
sample A was less available to the young rat than that in the other samples 
tested. It would appear, therefore, that the amino acids in sample A were less 
efficiently utilized within the body than those in the other four samples tested. 
There is considerable evidence (15-18) that, for efficient synthesis of tissue 
protein, it is necessary that all essential amino acids be supplied simultaneously 
in the proper proportions. In view of the fact that sample A was less readily 
digested by pancreatin in vitro than were the other samples, it is possible that 
the rate of release of the amino acids in this sample limited their utilization. 

It is of interest to note that the nutritional value of fish flour A could not be 
estimated accurately from simplified chemical score data. As pointed out pre- 
viously (13), the simplified chemical score procedure for evaluating protein 
quality does not take into account variation in digestibility or utilization of 
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amino acids. 

It is not possible, from the present studies, to determine whether the varia- 
tion observed in nutritional value of fish flours was due to differences in species 
of fish, processing procedures, or both. It may be noted, however, that fish 
flours CC and CH, which were made by the same procedure from cod and 
herring offal, respectively, gave similar P.E.R. values, although weight gains 
found with the latter sample were significantly higher than those with sample 
CC. Furthermore, the crude flesh proteins of a wide variety of fish, including 
herring, lingcod, halibut, lemon sole, and white spring salmon, are known to 
be of high nutritional value (19). The well-known fact that marine elasmo- 
branchs have high blood and tissue levels of urea may explain, in part, the 
somewhat reduced nutritional value of sample B, which was partially composed 
of shark. As noted previously, protein values obtained from nitrogen content 
may not be accurate for this sample. Studies on the effects of species of fish 
and of processing variables on the nutritional value of fish flour are now in 
progress. 
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CROSS-RESISTANCE TO CARDIOTOXIC AGENTS! 


H. SELyeE, E. Bajusz,? AND R. STREBEL® 


Abstract 


Experiments on rats indicate that, following pretreatment with fluorocortisol 
and Na-acetate, various stressors (restraint, muscular exercise, cold baths, 
noradrenaline) produce extensive cardiac necroses and high mortality. Gradual 
adaptation by pretreatment with restraint, muscular exercise, cold baths, or 
noradrenaline protects against this cardiac-necrosis-eliciting effect of subsequent 
restraint. This is considered to be an additional example of ‘‘cross-resistance”’ to 
a stress-induced lesion and illustrates the nonspecificity of the stress mechanism. 

In similarly conditioned rats, gavage with oil likewise elicits cardiac necroses, 
but this effect appears to be due to some specific metabolic action, because as used 
here, the oil elicits no obvious manifestations of stress, and pretreatment with oil 
protects only against the cardiac-necrosis-eliciting effect of oil itself and not 
against that of various stressors. 


It has long been suspected by clinicians that some stressful conditions (e.g., 
malnutrition, exhaustion) can exacerbate such latent disease manifestations as, 
for example, an infection or a peptic ulcer, while others (e.g., nonspecific 
protein-therapy, shock-therapies) help to suppress certain morbid lesions. 
Animal experiments designed to verify and analyze such stress-induced varia- 
tions in disease susceptibility showed that, during the typical triphasic evolu- 
tion of the General Adaptation Syndrome, resistance to diverse potentially 
pathogenic stimuli undergoes largely predictable variations. In this connection, 
it is customary to distinguish between: (a) “‘specific resistance,’’ that is, in- 
creased tolerance only to the particular kind of stimulus to which the body has 
been previously exposed; and (6) nonspecific “cross-resistance,” that is, 
increased tolerance to a stressor other than that to which the body has been 
adapted. Depending primarily upon the intensity and the duration of pre- 
treatment, both these kinds of resistance can be either decreased or increased 
as a consequence of previous exposure to stress (1). 

The phenomenon of cross-resistance, with which this paper is concerned, was 
at first studied mainly in connection with the suppression of inflammatory 
lesions by nonspecific stress. For example, it was found that, in the rat, various 
stressors can inhibit the appendicitis-like, cecal changes induced by intravenous 
injection of histamine (2), the hemorrhagic lung edema caused by overdosage 
with adrenaline (3), or the anaphylactoid inflammation elicited by the paren- 
teral administration of egg white (4, 5). Many additional examples of such 
cross-resistance were described, before it became evident that, in most cases, 
the protective actions of stress are due to increased anti-inflammatory corticoid 
production (1). 
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However, some of the more recently discovered instances of cross-resistance 
do not seem to be due to a stress-induced suppression of inflammation. Thus, 
in rats pretreated with certain corticoids and sodium salts, sudden exposure to 
stressor agents (e.g., cold, muscular exercise, restraint, trauma, noradrenaline) 
elicits large infarct-like patches of myocardial necroses. This change is not due 
to inflammation; yet, it is suppressed if, under otherwise similar conditions, the 
animals are gradually adapted to any one of these agents: they resist subsequent 
exposure to the full, normally pathogenic dose of the same stressor (6) or even 
one different from that with which the subject has been pretreated (7). 

Such cross-resistance of the heart can be obtained also against other types of 
experimental cardiopathies. For example, in rats conditioned or “‘sensitized”’ 
with dihydrotachysterol plus NaH2PQ,, sudden exposure to the stress of forced 
restraint or bone fractures produces a rapidly fatal syndrome, characterized by 
severe myocardial necroses and nephrocalcinosis. These cardio- and nephro- 
toxic effects of restraint can both be prevented by pretreatment with either 
restraint or noradrenaline, and those of bone fractures by cold baths (8). 
Indeed, even the mortality and the cardiopathy produced by the intravenous 
injection of a proteolytic enzyme, such as papain, can be prevented by a 
preceding period of forced restraint (9). 

In rats sensitized with corticoids or dihydrotachysterol, plus sodium salts, 
myocardial necroses can also be precipitated by the oral administration of 
various fats, for example, corn oil. As judged by the absence of any obvious 
adrenocortical stimulation, thymic atrophy, or loss of body weight, the feeding 
of the required amount of fat is not particularly stressful for the rat. Hence, it 
was concluded that the induction of necroses by a high-fat intake is due to 
specific metabolic changes and depends upon a mechanism different from that 
operating in the case of exposure to acute stressors (10). 

The main purpose of the experiments reported here was to compare the 
protection offered by pretreatment with stressors on the one hand and dietary 
fat supplements on the other, as regards the induction of cardiac necroses. 


Materials and Methods 


One hundred and ninety female Sprague-Dawley rats from the Holtzman 
farm, with a mean initial body weight of 98 g (range: 88-108 g), were sub- 
divided into 19 equal groups and treated as indicated in Table I. 9a-Fluoro- 
cortisol, or ““F-COL,’’* was used in combination with Na-acetate to sensitize 
the animals to the cardiac-necrosis-eliciting effect of stress as well as to that of 
corn oil. This combined steroid—electrolyte treatment was given to all groups 
from the 4th day until the termination of the experiment. F-COL was injected 
as a microcrystal suspension of its acetate, at the dose of 500 ug daily in 0.2 ml 
of water, subcutaneously. Na-acetate was administered by stomach tube, at 


the dose of 1 mmole in 2 ml of water, twice daily. Group 1 served as controls to . 


*The authors gratefully acknowledge generous supplies of 9a-fluorocortisol from the Upjohn 
Company. 
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confirm that, under our experimental conditions, F-COL plus Na-acetate treat- 
ment alone does not produce cardiac necrosis. Some of the remaining groups 
were gradually adapted to various stressor agents (groups 3-6, 15-18) or to 
forced oil-feeding (groups 7, 9, 11, 13, 19); then, together with the unadapted 
controls (groups 2, 8, 10, 12, 14), they were exposed suddenly to the potentially 
cardiac-necrosis-eliciting effect of various other stimuli. 

The repeatedly applied stressors used for adaptation were: restraint, induced 
by strapping the rats with adhesive tape to a board every second day from the 
ist day until the 11th day of the experiment—the animals were exposed to this 
neuromuscular strain during 3 hours on the ist day, the duration being gradu- 
ally increased to 7 hours (groups 3, 15); muscular exercise (performed in re- 
volving cages 30 cm in diameter and turning at a speed of 18 revolutions per 
minute) consisted in having the animals run once daily during the first 11 days— 
the animals exercised for 60 minutes on the 1st day, and this time was gradually 
increased to 360 minutes per day (groups 4, 16); cold baths, which consisted in 
immersing the rats in water at 0° C for 0.5 minute twice on the 1st day, and for 
increasing periods up to a maximum of 4 minutes, twice daily, on the 11th day 
(groups 5, 17); noradrenaline (Winthrop) injected subcutaneously in 0.2 ml of 
corn oil, twice daily throughout the experiment—the initial concentration of 
50 #g per rat was increased by a further 50 yg every third day (groups 6, 18). 
The rats in groups 7, 9, 11, 13, and 19 were adapted to corn oil instead of 
stressor agents. Corn oil (0.2 ml) was administered twice daily by stomach 
tube on the Ist day, this amount being gradually increased to 1 ml twice daily 
by the 11th day. 

To elicit cardiac lesions, the following suddenly applied stressors were given: 
restraint, for 17 hours, once on the 12th day (groups 2-7); muscular exercise 
(conducive to acute stress) consisted in having the animals run continuously 
during 5 hours, once on the 12th and 13th days (groups 8, 9); cold baths, in 
water at 0° C, twice for 4 minutes on the 12th day and three times on the 13th 
day (groups 10, 11); noradrenaline, 300 yg in 0.2 ml of oil per rat, was injected 
twice daily, subcutaneously, on the 12th and 13th days (groups 12, 13). As 
previously stated, corn oil need not be given in doses causing obvious manifesta- 
tions of stress; it apparently elicits cardiac necroses owing to more specific 
metabolic effects. Hence, only 2 ml of corn oil were given by stomach tube, 
twice daily on the 12th and 13th days (groups 14-19). 

The rats received the normal laboratory diet, ‘‘Purina Fox Chow”’ and tap 
water, throughout the period of observation. The experiment was terminated 
on the 14th day by killing the survivors with chloroform. At autopsy, the 
adrenals were dissected, fixed in Susa solution saturated with picric acid, and 
weighed on an analytical balance.* The hearts were examined with the aid of 
a stereoscopic dissecting loupe. Under these conditions, the necrotic lesions in 


*We preferred to weigh the adrenals after, rather than before, fixation in order to obtain 
freshly fixed material for histologic study. This procedure slightly alters the absolute weights, 
but does not change the relative weights that serve as a basis for the recognition of differences 
between groups. 
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the myocardium were easily visible as yellowish or grayish patches between the 
darker healthy muscle tissue; in doubtful cases, we verified the macroscopic 
findings by histologic examination with the periodic acid Schiff procedure that 
we found particularly useful in detecting incipient cardiac necrosis. Yet, we 
believe that the cardiac lesions can be graded more accurately by inspection of 
the whole heart than by studying a few histologic sections through each speci- 
men. Therefore, the severity of the necroses was expressed in an arbitrary 
scale of 0 to 3 (0 designating no lesion; 1, just detectable lesion; 2, moderate 
lesion; 3, marked lesion), based on the readings obtained by inspection with 
the dissecting loupe. The incidence (percentage of positive animals within the 
group) and the severity of the cardiac necroses (the latter with the standard 
error of the mean grade), as well as the mortality rates, are summarized in 
Table I. The means of the final body weights and of the adrenal weights are 
also indicated in separate columns, both with their standard errors. 


Results 


Table I shows that combined administration of F-COL + Na-acetate did 
not result in any detectable cardiac lesion (group 1). However, large patches of 
infarct-like cardiac necroses were elicited in almost all of the electrolyte + 
steroid-pretreated rats suddenly exposed to any of the stressors used, namely: 
restraint (group 2), muscular exercise (group 8), cold baths (group 10), and 
overdosage with noradrenaline (group 12), as well as in those given corn oil 
(group 14). The myocardial lesions so induced were invariably detectable by 
macroscopic inspection, because they affected large areas of the heart muscle 
(Fig. 1). Histologic sections showed necrotic foci that were distributed through- 
out the heart but with particular frequency in the subendocardial layers and 
papillary muscles. Around disintegrated muscle fibers, secondary inflammatory 
phenomena were often seen. 

On the other hand, it is also obvious that adaptation to various stressors 
protects the rat against the cardiotoxic effect not only of the agent with which 
it had been pretreated (‘specific resistance’’), but also to that of other funda- 
mentally different stressors (‘cross-resistance’). Thus, group 3 represents an 
example of induced “specific resistance,’’ in that adaptation to repeated re- 
straint abolished the pathogenic (eliciting) effect of the same stressor. On the 
other hand, groups 4-6 are clear-cut examples of ‘cross-resistance’: animals 
gradually adapted to muscular exercise (group 4), cold (group 5), and nora- 
drenaline (group 6) were protected against the induction of cardiac lesions by 
sudden exposure to severe restraint. However, when the rats were adapted to 
corn oil, they developed specific resistance to the same agent (group 19), but no 
cross-resistance to the cardiac-necrosis-eli€iting effect of restraint (group 7), 
muscular exercise (group 9), cold baths (group 11), or noradrenaline (group 13). 

Furthermore, the large doses of corn oil elicited severe, and often fatal, 
cardiac necroses in the otherwise not-pretreated, F-COL + Na-acetate- 
sensitized animals (group 14), but adaptation to various stressor agents gave 
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Fic. 1. The prevention of cardiac necroses through stress-induced cross-resistance. 
(Top) Macroscopically visible large patches of cardiac necroses (white area) in the fluoro- 
cortisol plus Na-acetate-sensitized rats, as elicited with corn oil feeding. The corresponding 
adrenals are atrophic owing to the corticoid treatment. (Bottom) Note the absence of 
cardiac necroses, and the presence of adrenal enlargement, in the animals treated similarly 
but adapted to forced restraint. 
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complete cross-resistance against this action of the fat (groups 15-18). 

Interestingly, in all groups that developed severe cardiac necroses, the 
F-COL-induced adrenal atrophy, though moderate, was just as or even more 
severe than in the controls (cf. group 1 with groups 2, 7, 8, 9, 10, 11, and 14). 
On the other hand, there was significant adrenal enlargement in those rats in 
which gradual adaptation to stressors protected against other stressors (groups 
3-6) or against corn oil (groups 15-18). However, no such adrenal hypertrophy 
occurred in the rats in which adaptation to oil protected against the pathogenic 
actions of oil (group 19). 

There is no obvious correlation between the final body weight and the adrenal 
changes or the development of cardiac necroses. Even in the rats that 
exhibited the greatest weight loss (and therefore received comparatively more 
F-COL per body weight), there was adrenal enlargement (groups 3, 15), and 
the most pronounced adrenal atrophy was found in heavier rats, which exhibited 
severe cardiac necroses (group 14). 


Discussion 


It is evident that the cardiac necroses produced under our experimental 
conditions, by sudden exposure to the severe stress of restraint, can be pre- 
vented by pretreatment, not only with restraint, but also with other stressors. 

The powerful protection offered by such cross-resistance to stressors suggests 
the necessity for great caution in the evaluation of the allegedly specific 
inhibitors of this type of cardiac damage. For example, the cardiac necroses 
normally produced by stress in the corticoid-sensitized rat are largely prevented 
by pretreatment with reserpine; this is claimed to prove ‘‘a fundamental causal 
involvement of metabolic catecholamines in the origin of stress-induced 
myocardial damage”’ (11, 12). It must be kept in mind, however, that, at the 
doses used, reserpine is highly stressful in itself, as judged by the loss of weight, 
thymus atrophy, and adrenal stimulation that it produces in otherwise un- 
treated rats. Since stressors devoid of any specific catecholamine-discharging 
potency offer at least as good protection as reserpine, it remains questionable 
whether the latter exerts its prophylactic effect through the discharge of cardiac 
catecholamines. 

We have seen that, in the F-COL + Na-acetate-sensitized rat, oral adminis- 
tration of corn oil is highly active as an elicitor of cardiac necroses; yet pre- 
treatment with this fat protects only against the cardiotoxic action of sub- 
sequent treatment with the same substance (‘‘specific resistance’) and not 
against that produced by other agents (‘‘cross-resistance’’). This fact suggests 
a difference in the mechanism responsible for the actions of stressors and fats. 
On the other hand, pretreatment not onlyavith oil itself, but also with any of 
the stressors used in this study, proved to be highly effective in preventing the 
subsequent induction of cardiac necroses by oil-feeding. Evidently, stressors 
can induce cross-resistance against the subsequent action of oil. It is highly 
unlikely that oil acted as a stressor here, because pretreatment with oil failed 
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to produce any adrenal enlargement. On the other hand, effective pretreatment 
with any of the stressors used resulted in an increase in adrenal weight, which 
suggests the possibility of some adrenal participation in the mechanism of this 
type of cross-resistance. Even though pretreatment with oil failed to cause 
such adrenal enlargement, it still offered effective protection against the eliciting 
action of oil. Yet, there seems to be some relationship between the actions of 
stressors and oil, since pretreatment with various stressors did protect the 
heart against the eliciting of necroses by oil. 
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THE PENTOSE PHOSPHATE METABOLIC PATHWAY 
IN THE HUMAN ERYTHROCYTE 


I. THE TRANSFORMATION OF RIBOSE-5-PHOSPHATE 
TO KETOPENTOSE-5-PHOSPHATE! 


Y. S. BROWNSTONE? AND O. F. DENSTEDT 


Abstract 


Ribose-5-phosphate is converted to ketopentose-5-phosphate by red cell 
hemolyzate at the rate of 3.6 mmoles/g Hb/hour at 37° C. The rate of activity of 
the enzymes remains fairly steady over a broad range of pH (6.5 to 9.0). 


Introduction 


Warburg et al. (1), Dische and Shigeura (2), and Dickens and Williamson 
(3) demonstrated the presence, in the erythrocyte and other tissues, of a path- 
way of glucose utilization in which glucose is converted to pentose with the 
loss of COs. Subsequently, Dickens and Williamson (3) demonstrated the 
presence also of enzymes that catalyze the isomerization of ribose-5-phosphate 
(R-5-P)* to ketopentose-5-phosphate (ribulose-5-phosphate and xylulose-5- 
phosphate). Dische and Shigeura (2) showed also that this system is present 
in the erythrocyte and they identified sedoheptulose phosphate among the 
products of the system. Gabrio ef a/. (4) and Rubenstein (5) observed that 
the human erythrocyte can metabolize purine nucleosides to yield R-5-P and 
can convert the latter to triose phosphate and thence to lactate with the 
formation of ATP. Thus there is evidence of the presence in the erythrocyte, 
as in other tissues of a functional pentose metabolic pathway as an alternate 
route of glucose metabolism. The pentose metabolic pathway and its relation 
to the glycolytic system are illustrated in Fig. 1. 

Brownstone and Blanchaer (6) suggested that the pentose metabolic path- 
way in the erythrocyte may give rise to the conversion of pentose phosphate 
to fructose-6-phosphate (F-6-P) and triose phosphate (reactions 26 and 28, 
Fig. 1) which then could be metabolized to lactate through the glycolytic 
system. 

The object of the present study was to ascertain whether the reactions 
involved in the isomerization of R-5-P to ketopentose phosphate, as indicated 

‘Manuscript received July 19, 1960. 

__ Contribution from the Department of Biochemistry, McGill University, Montreal, Que. 
rhis study represents part of a larger investigation on the preservation of blood supported by 
the Defence Research Board of Canada Grant No. 9350-01, Project D50-93050-01. The 
material of this paper is taken from a thesis presented by one of us (Y.S.B.) in 1958 in partial 
fulfillment of the requirements for the degree of Doctor of Philosophy. 

*Present address: Department of Pathological Chemistry, Medical School, University of 
Western Ontario, London, Ontario. 

; 3The following abbreviations are used throughout the text: ACD, acidified citrate dextrose; 
SFH, stroma-free hemolyzate; ATP, adenosine triphosphate; F-6-P, fructose-6-phosphate; 


R-5-P, ribose-5-phosphate; Xu-5-P, xylulose-5-phosphate; Ru-5-P, ribulose-5-phosphate; Hb, 
hemoglobin; Tris, tris(hydroxymethyl)aminomethane. 
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Fic. 1. Pathways of glucose metabolism in the erythrocyte. Reaction 24 catalyzed by 
phosphoribose isomerase. Reaction 25 catalyzed by epimerase. Reactions 26 and 28 
catalyzed by transketolase. Reaction 27 catalyzed by transaldolase. 

Glycolytic pathway indicated by the broken lines. 


below, are rate-limiting to the succeeding reactions which are catalyzed by 
transketolase and lead to the production of sedoheptulose-7-phosphate (S-7-P) 
in the erythrocyte: 


isomerase epimerase 


Ribose-5-phosphate ——= ribulose-5-phosphate === xylulose-5-phosphate. 
1. Materials 

Ribose-5-phosphate, purchased as the barium salt (Nutritional Biochemicals 
Corp.), and a sample of pure ribulose-5-phosphate (barium salt), kindly 
donated by Dr. B. L. Horecker, were converted to the potassium salts by 
means of a cation exchange resin (Dowex-50, X12, 200-400 mesh). 

Bovine hemoglobin was obtained from Nutritional Biochemicals Corp. 


Reagent grade orcinol and carbazole were obtained commercially and 
recrystallized. 








2. Enzymes 

Human erythrocytes were the source of enzymes used in this study. For 
the studies on fresh red cells the blood was collected aseptically into heparin- 
ized tubes and diluted with five volumes of cold (4° C) 0.154 M potassium 
chloride. For the studies on preserved red cells the blood was collected in 
Abbott commercial bottles containing the ACD medium, and stored at 4°. 
Periodically, during the storage period, samples were removed with a syringe 
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and centrifuged immediately. The plasma, buffy coat, and surface layer of 
the red cells were removed and the remaining red cells were washed with cold 
isotonic potassium chloride solution and centrifuged in the cold (at 4°) to 
remove the stroma. The washing treatment was repeated five times. The 
cells were then suspended in an equal volume of cold isotonic potassium 
chloride solution and hemolyzed by freezing in a dry-ice bath and then thawing 
by immersion in a bath at 37°. These treatments were repeated three times. 
The hemolyzate was diluted to the desired concentration with cold, twice- 
distilled water and then centrifuged at 3000 r.p.m. for 15 minutes to pre- 
cipitate the stroma. The clear supernatant stroma-free hemolyzate (SFH) 
was transferred to a dialyzing sack, which had previously been washed with 
twice-distilled water, and the sack was suspended in 50 times its volume of 
twice-distilled water at 4°. The water was agitated with a magnetic stirrer to 
keep the sack in motion. Dialysis was continued for periods ranging from 40 
to 120 hours with frequent changing of the external water. The resulting 
preparation was tested for activity of various enzymes other than those of the 
pentose phosphate metabolic pathway and was found to be virtually free of 
aldolase, phosphofructokinase, glyceraldehydephosphate dehydrogenase, and 
phosphatase activity. 


3. Assay of Enzymes of the Pentose Metabolic Pathway 

The combined activity of pentose phosphate isomerase and epimerase in 
the SFH was assayed by measuring the rate of conversion of R-5-P to keto- 
pentose phosphate. The assay medium contained R-5-P (10 “~moles/ml), tris 
buffer, pH 7.5 (5.6 umoles/ml), SFH (containing 20 mg hemoglobin/ml) in a 
total volume of 1.0 ml. The assay was carried out at a temperature of 37 +0.2°. 
The reaction was permitted to proceed for 2 to 10 minutes and then was 
terminated by the addition of 4 ml of cold (4°) 6.25% trichloroacetic acid 
solution. The precipitated protein was removed by centrifugation and the 
supernatant assayed for pentose by the orcinol method (7), and for ketopentose 
by the cysteine—carbazole method (8). 


4. Analytical Procedures 

Spectrophotometric measurements were made at room temperature with 
Beckman DU and DK spectrophotometers. Measurements of pH were made 
with a Beckman Model B pH meter. Pentose was estimated according to the 
method of Mejbaum as modified by Horecker et al. (7), with correction for the 
difference between the absorption maximum of R-5-P and that of the keto- 
sugars, ribulose-5-phosphate (Ru-5-P), and xylulose-5-phosphate (Xu-5-P) at 
670 mu (9). 

Ketopentose phosphate was estimated by the method of Dische and Boren- 
freund (8). Readings were taken 24 hours after the color reaction was initiated 
since Ru-5-P and Xu-5-P give identical extinction coefficients at 540 my at 
that time. Ru-5-P was used as the standard in these analyses. 

The hemoglobin concentration in the dialyzed hemolyzate and the incuba- 
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tion medium was estimated according to a modification of King’s method 
(10, 11) as follows: To 1 ml of the sample 4.0 ml of 0.125 N HCl was added. 
The sample was permitted to stand for 10 minutes, 1 ml of 6% NaCN was 
added, and the optical density was measured at 540 my in the spectrophoto- 
meter. Twice-recrystallized bovine hemoglobin was used as the standard. 


Results 

The data in Table | indicate that R-5-P, when incubated at 37° C with the 
SFH, was converted rapidly to ketopentose phosphate. The rate of formation 
of ketopentose phosphate, in the first 5 minutes of the reaction, as indicated 
in Fig. 2, was 6 zmoles/20 mg Hb or 3.6 mmoles/g Hb/hour. At equilibrium, 
which was reached by the end of 5 minutes, 60% of the substrate had been 
converted to the ketoisomer(s). The kinetics of the reaction is of zero order. 
During an 8-minute assay period the cysteine — sulphuric acid test indicated 
no formation of S-7-P. 


TABLE I 
Formation of ketopentose-5-phosphate from ribose-5-phosphate 











Incubation Ketopentose-5-phosphate Ribose-5-phosphate 
period (minutes) (umoles/ml medium) (umoles/m1 of medium) 
0 0 10.1 
2 2.3 .6 
3 a4 6.5 
5 5.9 4.0 
8 6.3 3.9 





ConpiTions: As described in the text. 
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Fic. 2. Formation of ketopentose from ribose-5-phosphate. Conditions: as described 
in the text. 
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It is evident from Fig. 3 that approximately 65% of the maximum activity 
was obtained at pH 6.5 and 80% at pH 9.0. As indicated in Table II, the rate 
of conversion of R-5-P varies with the concentration of the enzymes. 

The activity of the enzymes was measured at temperatures ranging from 
11° to 37° C. At 11°, 0.36 mmole of R-5-P/g Hb/hour was converted to 
ketopentose phosphate; the rate is thus 10% of that at 37°. 


TABLE II 


The influence of the enzyme concentration on the rate of 
formation of ketopentose phosphate 











Hb concentration Activity 
(mg/ml) (ketopentose formed, umoles/m1/5 minutes) 

4 1.4 

8 2.9 

12 3.4 

16 4.6 
20 6.0 
24 7.3 





ConpiTIons: As noted in the text except that the dilution of enzymes was varied. 
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Fic. 3. Effect of hydrogen ion concentration on the rate of isomerization of ribose-5- 
phosphate to ketopentose-5-phosphate. Conditions: as described in the text. 


Discussion 


Equilibrium at 37° is established in the isomeric conversion of aldopentose 
phosphate to ketopentose phosphate when 60% of the esters are in the keto- 
form, i.e. the equilibrium ratio of ketopentose-5-phosphate to R-5-P is 1.5. 
These findings agree closely with those of Dische and Shigeura (2) for the 
system of the red cell, and with that of Tabachnik et al. (12) for the enzyme 
from other sources. Assuming that the pentose phosphate isomerase of the 
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red cell is similar to the purified isomerase prepared by Tabachnik et al. from 
yeast, muscle, and spinach, the ratio of Ru-5-P to Xu-5-P, at equilibrium, can 
be calculated from the data obtained for the over-all reaction. Thus, at equi- 
librium, the ratio of Xu-5-P to Ru-5-P would be 3.3. This value is comparable 
to that obtained by Tabachnik et a/. (12) with purified preparations of epi- 
merase from a variety of tissues. Dische and Shigeura (2) reported a value of 
2.65 for an hemolyzate preparation. 

The pentose phosphate isomerase and epimerase of dialyzed SFH was found 
to be active over a broad range of hydrogen ion concentration from pH 6.5 
to 9.0. These findings agree with those obtained by Dische and Shigeura (2), 
who found that the time required for the reaction to reach equilibrium re- 
mained unaltered over a range of hydrogen ion concentrations between pH 6.4 
and 8.4. Axelrod and Jang (13), on the other hand, found that the activity of 
the isomerase enzyme from alfalfa was greatest at pH 7.0 and that it decreased 
rapidly on the acid side of this optimum. The enzyme was inactive at pH 6.0. 
On the basic side the activity was reduced to 75% at pH 8.5. 


Conclusions 


It is evident that the pentose isomerases of the erythrocyte, which catalyze 
the interconversion of R-5-P. and Xu-5-P, are closely similar to those from 
other animal and even plant tissues with respect to stability and activity. 
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THE PENTOSE PHOSPHATE METABOLIC PATHWAY 
IN THE HUMAN ERYTHROCYTE 


Il. THE TRANSKETOLASE AND TRANSALDOLASE ACTIVITY OF THE HUMAN 
ERYTHROCYTE! 


Y. S. BROWNSTONE? AND O. F. DENSTEDT 


Abstract 


Transketolase, in the human erythrocyte, is confined to the soluble fraction of 
the cell. The activation energy for the formation of sedoheptulose-7-phosphate 
(S-7-P) from pentose phosphate was found to be 11,500 calories and the rate of 
formation of S-7-P to be directly proportional to the concentration of the enzyme. 
The Michaelis constant, with ribose-5-phosphate (R-5-P) as the added substrate, 
was found to be 6 X10-* M. The activity of the enzyme is close to the maximum 
over a wide range of hydrogen ion concentration (pH 7.1 to 8.3) with only a 
gradual decrease beyond these limits. The transketolase, in the dialyzed stroma- 
free hemolyzate, is active without the addition of magnesium ions or thiamine 
pyrophosphate. It is unaffected by sulphydryl-binding inhibitors and by EDTA 
and oxythiamine pyrophosphate. 

Transaldolase activity also has been demonstrated in the hemolyzate of human 
red cells. The rate of the production of hexose phosphate from sedoheptulose-7- 
phosphate was found to be of the order of 40 umoles/g Hb/hour. The activity of 
the enzyme is close to the maximum between pH 7.18 and 7.75. 


Introduction 
The enzyme transketolase, discovered by Racker et a/. (1) and by Horecker 
and Smyrniotis (2), catalyzes the transfer of a specific ketol group to a suit- 
able aldehyde acceptor. Dische and Pollazek (3) and Sonka (4) have shown 
that the enzyme in the erythrocyte transfers the ketol group of xylulose-5- 
phosphate (Xu-5-P)* to ribose-5-phosphate (R-5-P) with the formation of 
sedoheptulose-7-phosphate (S-7-P) and glyceraldehyde-3-phosphate (G-3-P). 
R-5-P + Xu-5-P = S-7-P + G-3-P 
The enzyme transaldolase has been prepared in purified form from yeast and 
liver (5, 6). It is present also in the erythrocyte and catalyzes the reaction 
S-7-P + G-3-P = F-6-P + E-4-P. 


In the forward reaction the dihydroxyacetone group in S-7-P is transferred 
to G-3-P to form a hexose phosphate (F-6-P) and a tetrose phosphate (E-4-P). 


‘Manuscript received July 19, 1960. 

Contribution from the Department of Biochemistry, McGill University, Montreal, Que. 
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’The following abbreviations are used throughout the text: G-3-P, glyceraldehyde-3-phos- 
phate; G-6-P, glucose-6-phosphate; F-6-P, fructose-6-phosphate; S-7-P, sedoheptulose-7- 
phosphate; E-4-P, erythrose-4-phosphate (tetrose-4-phosphate); R-5-P, ribose-5-phosphate; 
FDP, fructose-1,6-diphosphate; Xu-5-P, xylulose-5-phosphate; Hb, hemoglobin; SFH, stroma- 
free hemolyzate; EDTA, ethylenediaminetetraacetate; TPP, thiamine pyrophosphate. 
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No cofactor requirement has yet been demonstrated for the enzyme. 
The present study pertains to the enzymes transketolase and transaldolase 
in the human erythrocyte. 


Experimental 
Materials 

The source of the transketolase and transaldolase was the dialyzed stroma- 
free hemolyzate (SFH) from human erythrocytes. The hemolyzate and the 
substrate, R-5-P were prepared as previously described (7). 

S-7-P was isolated from the combined reaction mixtures from the trans- 
ketolase assay by means of gradient elution from an anion exchange resin 
column (Dowex-1, X10, 200-400 mesh) according to the method of Horecker 
and co-workers (8). 

Triose phosphate was obtained commercially (Nutritional Biochemicals 
Corp.). 

A sample of sedoheptulosan was kindly donated by Dr. N. K. Richtmeyer, 
and a sample of pure S-7-P, by Dr. B. L. Horecker. 

Oxythiamine pyrophosphate was prepared according to the method of 
Onrust et al. (9). 

A sample of the cyclohexylamine salt of the acetal of erythrose-4-phosphate 
was kindly donated by Doctor C. E. Ballou of Berkeley, California. 


Analytical Procedures 

Spectrophotometric measurements were made with the Beckman DU 
previously standardized against a DK spectrophotometer. 

S-7-P was estimated by means of a modification of the cysteine — sulphuric 
acid method of Dische (10) as follows: 

To 1.0 ml of the trichloroacetic acid filtrate containing the unknown sugars 
in a pyrex test tube (2 cm X 15 cm) was added 4.0 ml of concentrated reagent- 
grade sulphuric acid (Merck). The acid was added at a constant rate over a 
period of 12 seconds. The test tubes were shaken vigorously for 18 seconds 
and then placed in an ice-water bath for 10 minutes. They were then covered 
with parafilm and allowed to stand for 2 hours at room temperature. At the 
end of the period a quantity (0.1 ml) of a 3% solution of cysteine-HCl was 
added, the tubes vigorously shaken, covered, and kept at room temperature 
for 24-48 hours. The ‘control’ tubes contained 1.0 ml of twice-distilled water 
instead of the filtrate. Readings were taken at 506 and 540 mp in the DU 
spectrophotometer against an aqueous cysteine—H2SQ, blank and with authen- 
tic samples of sedoheptulosan and S-7-P as the standards. The presence of 
hexose or R-5-P caused no interference within the range of concentrations 
used. , 

All the reagents were prepared with twice-distilled water. The glass utensils 
were cleaned with chromic acid, rinsed successively with warm tap water, 
distilled water, and finally with twice-distilled water. They were then dried 
in an oven. 
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Pentose and heptose were estimated by means of the orcinol method as 
modified by Horecker (8). 

The hemoglobin concentration of the hemolyzate and of the incubation 
medium was estimated as described in a previous paper (7). 

Hexose, in the transaldolase study, was estimated by means of the afore- 
mentioned modification of Dische’s cysteine — sulphuric acid method with 
authentic samples of G-6-P and F-6-P as the standards. The difference 
between the optical density at 414 mz and 380 mp (D414-380) was found to 
be proportional to the concentration of hexose or hexose phosphate. The 
presence of S-7-P or R-5-P caused no interference with the estimation of 
hexose within the range of concentrations used. 

Assay of Enzymes 

1. Assay of Transketolase 

The activity of transketolase in the dialyzed SFH was assayed by estimating 
the rate of utilization of R-5-P and the rate of accumulation of S-7-P at 37° C. 
The assay medium was as previously described for the assay of pentose phos- 
phate isomerase and epimerase (7), and the incubation period was varied from 
1 to 6 hours. The reaction was terminated by the addition of cold trichloro- 
acetic acid (6.25%) to give a final concentration of 5% and the precipitated 
proteins were removed by centrifugation. 


2. Assay of Transaldolase 

The activity of transaldolase in the dialyzed hemolyzate was assayed by 
measuring the rate of accumulation of hexose phosphate at 37° C. The medium 
was the same as that used in the assay of transketolase but a more concen- 
trated preparation of the SFH was used as the source of enzymes. In some of 
the experiments, S-7-P and G-3-P together were used as the substrate instead 
of R-5-P. 


Results 

1. Transketolase 

In the assay of transketolase S-7-P accumulated in the medium at a linear 
rate of 0.75 zmole/hour throughout the assay period at 37°. Hexose phosphate 
could not be detected in the medium until the incubation had been continued 
for 90 minutes, thus indicating that during this interval there was no formation 
of F-6-P from S-7-P by the action of transaldolase. The rate of accumulation 
of S-7-P (0.75 umole/hour) indicated the utilization of R-5-P at the rate of 
1.5 smoles/hour. It is evident from the observed rate of isomerization of 
aldopentose phosphate to ketopentose phosphate (6 smoles/hour) in the 
previous study (7) that the isomerization reactions do not limit the rate of the 
transketolase activity. Since the formation of substrate is not a rate-limiting 
factor in these reactions, and since S-7-P accumulates and is not utilized, the 
assay affords an accurate measurement of the transketolase activity. 


Hemoglobin Concentration as an Index of the Enzyme Concentration 
Various dilutions of the hemolyzates were prepared keeping the concentra- 
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tion of the buffer and the substrate constant. The concentration of hemo- 
globin in the final solution was determined in each case. The samples were 
then incubated at 37° for periods from 1 to 3 hours depending on the degree 
of dilution. As indicated in Fig. 1a the enzyme activity was found to vary 
directly with the hemoglobin concentration, that is, the latter affords an index 
of the transketolase concentration. The production of S-7-P as indicated in 
Fig. 1b proceeded at a linear rate with various concentrations of the enzyme. 
The results of the respective assays were reproducible within a small experi- 


mental error. 
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Fics. la and 1b. The effect of enzyme concentration on transketolase activity in 
dialyzed hemolyzate. 

Conditions: Study 1a: 0.1 ml tris buffer (0.056 M7, pH 7.5), 0.1 ml R-5-P (0.15 M). 
Enzyme concentration (based on hemoglobin concentration) was varied: curve 1, 5.2 mg 
Hb in 3 ml of medium; curve 2, 10.0 mg Hb in 3 ml of medium; curve 3, 15.3 mg Hb in 3 ml 
of medium; curve 4, 20.6 mg Hb in 3 ml of medium; curve 5, 25.2 mg Hb in 3 ml of medium; 
Temperature 37° C. 

Study 15: as in 1a except that enzyme concentration was increased. 


Influence of Temperature on the Activity of the Enzyme 


The activity of the transketolase was studied at various temperatures 
between 11 and 45° C, keeping the concentration of hydrogen ions, substrate 


(R-5-P), and enzyme constant. 


TABLE I 


Influence of temperature on the transketolase activity 
of the dialyzed hemolyzate 











Temperature Reaction 
cc) (1/T°)* X10 velocityt Logio velocity 
11 o.ae 4.5 0.651 
21 3.40 10.2 1.008 
25 3.35 12.9 1.130 
31 3.27 19 1.280 
37 3.22 33 1.520 
45 3.14 45 1.633 





CONDITIONS: as under Fig. 1 except that the temperature was varied. 
*T° = absolute temperature. 
tVelocity, wmoles S-7-P/g Hb/hour. 
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The results given in Table I indicate that the activity of the enzyme at 
11° was 14% of that at 37°. 

Figure 2a indicates the influence of the temperature on the rate of formation 
of S-7-P. The value for the activation energy (#) for the formation of S-7-P, 
calculated from the plot shown in Fig. 2b of the logis of the reaction velocity 
against the temperature, was of the order of 11,500 calories. 
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Fic. 2. The influence of temperature on transketolase activity in dialyzed SFH. 
Conditions: as under Fig. 1b except that the temperature was varied. 


Influence of the Hydrogen Ion Concentration 

As indicated in Fig. 3 transketolase is relatively insensitive to change in the 
hydrogen ion concentration over a fairly wide range. The activity is main- 
tained at near the maximum between pH 7.1 and 8.3. 

Influence of Substrate Concentration 

The transketolase activity, as indicated in Fig. 4a, was shown to vary with 
the concentration of the substrate, R-5-P. The Michaelis constant, K,, cal- 
culated according to the method of Lineweaver and Burk, from the plot of the 
reciprocals of the reaction velocity against that of the substrate concentra- 
tions as shown in Fig. 46, was found to be 6X10-* M. 


Test for Cofactor Requirements 

To test the cofactor requirements of the transketolase of the dialyzed SFH, 
experiments were performed in which thiamine pyrophosphate, or Mg**, or 
both, were added to the medium. As indicated in Table II there was no 
stimulation of the enzyme activity with either or both of the factors. Nor did 
dialysis of the enzyme preparation against a concentrated EDTA-KCI solu- 
tion, as de la Haba et al. (11) did with a yeast preparation, cause any change 
in the activity. Likewise, the addition of EDTA (5X10-* M) directly to the 
incubation medium, or preincubation of the enzyme with EDTA for 20 
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Fic. 3. The effect of hydrogen ion concentration on transketolase activity of dialyzed 


SFH. 


Conditions: as under Fig. 16, except that the hydrogen ion concentration was varied. 
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Fic. 4. The influence of R-5-P concentration on the activity of transketolase of dia- 
lyzed SFH. 


Conditions: as under Fig. 1b, except that the substrate concentration was varied. 


minutes betore the addition of the substrate, was without effect. An initial 
incubation of the enzyme with oxythiamine pyrophosphate for 30 minutes at 
37° failed to cause any diminution in the activity. 


2. Transaldolase 

As mentioned in the preceding section, we had observed that, with the 
diluted hemolyzate as the enzyme prepatation and R-5-P as the substrate, 
there was a delay in the time of appearance of hexose in the medium. To 
shorten the lag period the concentration of enzyme was increased to the 
equivalent of 60 mg Hb/ml. The initial reaction velocity, calculated from the 
data in Table III, was found to be 2.8 szmoles of hexose phosphate/ml/hour or 
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46.7 pmoles/g Hb/hour. Diminution of the enzyme concentration with a 
constant concentration of R-5-P resulted in a proportionate decrease in the 
activity. The relationship between the concentration and the activity of the 
transaldolase, as measured by the amount of hexose phosphate formed, was 
linear throughout the 90-minute reaction period. 


TABLE III 


Comparison of the transaldolase activity of the dialyzed 
stroma-free hemolyzate with R-5-P and 
S-7-P as the substrate 








Substrate 


(umoles hexose-P formed/g Hb/hour) 
Duration 








(minutes) R-5-P S-7-P 
00 0 0 
30 22 19 
45 34 31 
60 46 40 
75 57 49.5 
90 70 60 





ConpiITIoNs: 0.1 ml tris buffer (pH 7.5. 0.056 M); 0.1 ml R-5-P 
(0.15 M); SFH, 0.8 ml. 


The Influence of the Hydrogen Ion Concentration on the Activity of Transaldolase 

The transaldolase assay was carried out at various hydrogen ion concen- 
trations between pH 5.6 and 9.1 with R-5-P or with S-7-P as the substrate. 
Transaldolase, like transketolase, is active over a wide range of hydrogen ion 
concentration. The range of optimum activity, as indicated in Fig. 5, is 
between pH 7.15 and 7.75, and the activity, with R-5-P as the substrate 
(curve B), is approximately 70% of the optimum at pH 6.7 and 8.4. With 
S-7-P as the substrate, the activity, as indicated by curve A and in Table III, 
was less than with R-5-P. The rate of utilization of S-7-P was found to be 
40 zmoles/g Hb/hour. 

The greater activity with R-5-P suggests that hexose may be produced 
also by reactions other than the one under study. Since aldolase was not 
active in the SFH the extra amount of hexose could not have arisen through 
the formation of fructose diphosphate from triose phosphate. However, it 
could have been produced in the subsequent transketolase reaction. It is 
reasonable to infer that the substrates for this reaction, namely E-4-P and 
Xu-5-P, also were present as products of the combined activity of transaldo- 
lase, pentose phosphate isomerase, and epimerase in the preparation. 

The velocity of the reaction with the two substrates was calculated on the 
basis of the quantity of hexose formed per gram of hemoglobin per hour. The 
rapid falling off of the enzyme activity on both sides of the optimum range of 
pH, with R-5-P as the substrate, would be expected to occur if hexose were 
formed from E-4-P. This possibility, however, is ruled out in view of the 
results obtained with S-7-P as the substrate since the formation of additional 
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Fic. 5. Influence of the hydrogen ion concentration on the activity of the transaldolase 
(based on the quantity of hexose phosphate formed). 
Conditions: 0.1 ml tris buffer (0.056 M of various hydrogen ion concentrations), dialyzed 
SFH 0.8 ml. Curve A, with S-7-P as the substrate 0.1 ml (0.15 M); curve B, with R-5-P 
as the substrate 0.1 ml (0.15 M). 


hexose from tetrose cannot occur without the presence of pentose. With 
R-5-P as the substrate, on the other hand, any shift in the hydrogen ion con- 
centration beyond the optimum range in either direction would decrease the 
amount of hexose formed from tetrose and also that formed in the primary 


reaction. 


Figure 6 gives a comparison of the activity of the transaldolase of the 
dialyzed hemolyzate with R-5-P (curve B) and with S-7-P (curve A) as the 


substrate. 
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Fic. 6. Transaldolase activity of the dialyzed hemolyzate. ‘ 
Conditions: as described in the text. Tris buffer, pH 7.5. Curve A,"with S-7-P as the 
substrate; curve B, with R-5-P as the substrate. 
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Discussion 


Although transketolase has been isolated from a number of tissues and 
crystallized there is little information in the literature about the characteristics 
of the enzyme. Dische and Pollazek (3) and Sonka (4) described the formation 
and subsequent disappearance of S-7-P in erythrocytes but apparently did 
not undertake the characterization of the enzymes that catalyze the reactions. 
Our transketolase preparation, in contrast to those used by Dische and by 
Sonka, contained no aldolase or phosphofructokinase activity. Sonka used the 
intact red cells as the enzyme preparation. 

Concurrently with our investigation during the period 1956-57 (12, 13) 
Bruns and his associates (14) carried out a similar study on the pentose 
metabolic system in the human erythrocyte. Both groups demonstrated the 
presence of the complete pentose phosphate system in the red cell hemolyzate 
and showed that the isomerism of R-5-P occurs at a rapid rate while the for- 
mation of S-7-P proceeds relatively slowly. The observations of both groups 
are in agreement also with regard to the pH optimum of the pentose phosphate 
isomerase and transketolase, and the rate of activity of the latter. 

Our failure to demonstrate any cofactor requirement for the transketolase 
in the dialyzed SFH leads us to conclude either that the cofactors are present 
but so firmly bound that they cannot be detached by the means used, or that 
the enzyme of the erythrocyte, in contrast to that from other sources, does not 
require Mg?* ions and thiamine pyrophosphate for its activity. We are in- 
clined to favor the former of these inferences since it is not unreasonable to 
suppose that the cofactors may form the complex with the enzyme molecule 
when it is synthesized during the early developmental stage of the erythrocyte. 
This notion is strengthened by the observation of Brin and associates (15) 
that the transketolase activity of the erythrocytes of thiamine-deficient, 
growing young rats is lower than the normal. This was evidenced by the 
accumulation of R-5-P in red cells on incubation of the cells with methylene 
blue and glucose. They observed further that the addition of thiamine to the 
blood, in vitro, or to the diet, resulted in a restoration of the transketolase 
activity to a nearly normal state and the decrease in the accumulated R-5-P 
almost to the normal concentration. It is of interest that even with yeast, 
spinach, and liver it is difficult to demonstrate the cofactor requirements of 
the enzyme. The existence of the strong binding in the enzyme—cofactor 
complex may acccount for the resistance of the enzyme to inhibition by 
oxythiamine pyrophosphate. 

Little appears to be known about the characteristics of transaldolase. As 
with the crystalline preparation of the transaldolase from yeast, the enzyme, 
in our dialyzed SFH, was active without the addition of cofactors. The range 
of optimum activity, pH 7.15 to 7.75, differs only slightly from that of the 
yeast transaldolase. 
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THE PENTOSE PHOSPHATE METABOLIC PATHWAY 
IN THE HUMAN ERYTHROCYTE 


Ill. THE STABILITY OF THE PENTOSE PHOSPHATE METABOLIC 
SYSTEM IN PRESERVED ERYTHROCYTES! 


Y. S. BROWNSTONE? AND O. F. DENSTEDT 


Abstract 


The activity of the enzymes of the pentose phosphate metabolic pathway in the 
dialyzed stroma-free hemolyzate (SFH) from human red cells remains unaltered 
after prolonged storage of the blood in acidified citrate dextrose (ACD) medium 
at <€°<. 

Erythrocytes from children with galactosemia were found to have normal trans- 
ketolase and transaldolase activity. 


Introduction 


The dramatic influence of added purine nucleosides in inducing resynthesis 
of organic phosphate esters and restoring the electrolyte and water balance in 
preserved erythrocytes is attributable to the ability of the cells to utilize the 
ribose moiety of the nucleoside (1, 2, 3). It was of interest to ascertain the 
stability of the enzymes of the pentose phosphate metabolic pathway in the 
erythrocytes during the preservation of blood for various periods in the cold. 
This communication deals with the relationship between the quantity of 
ribose-5-phosphate utilized by the preserved cells and that of the products 
formed. The activity of this pathway in the stroma-free hemolyzate and the 
stroma of erythrocytes from galactosemic individuals also was studied. 


Experimental 


Preparative and Analytical Procedures 

The preparation of substrates and the experimental procedures were carried 
out as previously described (4, 5). 

Human blood was collected into the acidified citrate-dextrose (ACD)? 
medium and preserved for various periods at 4° C. Periodically, samples 
were removed with aseptic precautions and the dialyzed hemolyzate and the 
stroma from the washed red cells were prepared for the assay of transaldolase 
and transketolase as a measure of the activity of the pentose metabolic system 
in the preparation. 

1Manuscript received July 19, 1960. 

Contribution from the Department of Biochemistry, McGill University, Montreal, Que. 
The study is part of a larger investigation on blood preservation supported by the Defence 
Research Board of Canada Grant No. 9350-01, Project D50-93050-01. The material of this 
paper is taken from a thesis presented by one of us (Y.S.B.) in 1958 in partial fulfillment of the 
requirements for the degree of Doctor of deme 

*Present address: Department of Pathological Chemistry, Medical -School, University of 
Western Ontario, London, Ontario. 

’The following abbreviations are used throughout the text: ACD, acidified citrate dextrose; 
R-5-P, ribose-5-phosphate; F-6-P, fructose-6-phosphate; S-7-P, sedoheptulose-7-phosphate; 
SFH, stroma-free hemolyzate; TPN, triphosphopyridine nucleotide. 
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Activity of the Pentose Phosphate Metabolic Pathway in  Cold-Preserved 
Erythrocytes 

The mean values for the transaldolase and the transketolase activity of the 
erythrocytes from six specimens of freshly drawn human blood are given in 
Table I and the values for the transaldolase and transketolase activity of cell 
samples, taken at intervals from four blood specimens during a storage period 
of 60 days, are represented in Fig. 1. It is clear from the figure that there was 
virtually no change in the activity of the pentose phosphate metabolic system 
throughout the entire period of storage. It is well-known that the capacity 
of preserved red cells to utilize glucose, on the other hand, is greatly decreased 
by the third week of storage at 4°. Thus, the capacity of the preserved cells 
to utilize ribose-5-phosphate remains unaltered long after the cells have lost 
the ability to utilize glucose. 


TABLE I 
Transketolase and transaldolase activity in fresh blood 








Activity 





“17 


i TA 
Donor (umoles S-7-P/g Hb/hour) (umoles F-6-P/g Hb/hour) 





A 33.2 46.0 
B 33.1 46.7 
a 32.8 46.2 
D 34.0 45.9 
E 33.3 46.8 
F 33.0 47.2 
Mean 33.1 46.5 





ConpiTIons: 0.1 ml tris buffer (pH 7.5, 0.056 M), 0.1 ml R-5-P (0.15 M), 
0.8 ml hemolyzate. Final volume, 1.0 ml. 
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Fic. 1. The stability of the transketolas¢ and transaldolase activity of preserved 
erythrocytes during preservation of blood for 60 days in the cold (4° C). 


It has been shown by Gabrio and co-workers (2) and by our group (1, 6) 
that the addition of nucleoside to the preserved blood greatly aids in the 
maintenance of the metabolic integrity and viability of the cells during storage. 
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The results of the storage experiments described herein show that the pentose 
phosphate metabolic pathway remains active for many weeks at 4° C. The 
cells readily utilize R-5-P to form hexose and triose phosphate which, in turn, 
are utilized to yield ATP and effect the re-esterification of inorganic phosphate. 
This regeneration of the energy reserve of the cells accounts for the dramatic 
recovery of the metabolic potential that occurs upon addition of adenosine 
or inosine to older preserved blood specimens. 


Assay of the Complete Pentose Phosphate Metabolic Pathway 

The rate of utilization of R-5-P was compared with the rate of accumulation 
of the products of its metabolism. As indicated previously (5) with reference 
to the transaldolase activity of the hemolyzate, there is a considerable interval 
before the formation of F-6-P occurs. The duration of the lag is diminished 
with increase in the concentration of the enzyme and, at fairly high concentra- 
tions, e.g. the equivalent of 60 mg Hb/ml, the lag is abolished. 

Results, typical of those from 11 experiments, are given in Table II. A 
steady rate of formation of S-7-P occurred within the hour of incubation and 
persisted throughout the period of the reaction. The rate of formation of 
hexose phosphate, as indicated in Fig. 2, on the other hand, increased during 
the first 90 minutes and thereafter decreased slowly and at a steady rate. The 
theoretical amount of R-5-P utilized was calculated on the postulate that the 
pentose phosphate metabolic system in the red cell involves the following 
sequence of reactions: 


(a) pentose + pentose — heptose + triose 
(b) heptose + triose — hexose + tetrose 
(c) pentose + tetrose — hexose + triose 





over-all reaction: 3 pentose — 2 hexose + 1 triose 


TABLE II 
Activity of the pentose phosphate metabolic pathway in dialyzed SFH 














Pentose utilized Products formed 
Time Found Theoretical S-7-P F-6-P Triose-P 
(minutes) (umoles/ml) (umoles/ml) (umoles/ml) (umoles/ml) (umoles/ml) 

30 so 1.16 0.77 0.77 0.54 
45 5.0 2.01 0.56 1.32 0.46 
60 6.4 5.38 0.49 3.65 0.42 
90 2 6.58 0.53 4.38 0.48 
120 8.0 7.15 0.53 5.10 0.48 
180 8.6 8.25 0.49 5.50 0.43 
240 9.6 9.32 0.53 6.22 0.43 
300 10.4 10.25 0.50 6.82 0.46 





ConplITIONS: 0.1 ml tris buffer (pH 7.5, 0.2 M), 0.1 ml R-5-P (0.15 M), 0.8 ml dialyzed SFH (81.5 mg 
Hb/ml medium). 


Thus, measurement of the rate of formation of hexose may be taken as an 
index of the activity of the over-all reaction. Since 3 moles of pentose are 
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12r 


CONCENTRATION (pMOLES/ML ) 











HOURS 


Fic. 2. Activity of the pentose phosphate metabolic pathway in dialyzed hemolyzate. 

Conditions: as under Table II. Curves: A, measured utilization of pentose; B, calculated 
utilization of pentose; C, formation of fructose-6-phosphate; D, formation of sedoheptu- 
lose-7-phosphate; E, formation of triose phosphate. 


converted to 2 moles of hexose, it follows that 1.5 times the quantity (moles) 
of hexose formed is equivalent to the amount of pentose utilized. The concen- 
tration of R-5-P in the assay preparation fell sharply from the beginning of 
the reaction. At the end of the first hour the total amount of the pentose 
phosphate utilized was found to be greater than that theoretically required 
to account for the quantity of products formed. However, during the second 
hour, when the system appeared to be approaching a ‘steady state’, the amount 
of pentose utilized approached the theoretical value. In an effort to account 
for the discrepancy during the initial period the medium was analyzed by 
means of the cysteine — sulphuric acid method for the presence of other sugar 
products. None was found. 


The Pentose Phosphate Metabolic Pathway in the Stroma 

The reported ability of erythrocyte “ghosts’’ to metabolize pentose (7, 18) 
suggests that the enzymes of the pentose system may be bound by a specific 
attachment to the cell stroma. To investigate this possibility, the stroma was 
assayed for transaldolase and transketolase activity. The stroma was pre- 
pared by either of the following procedures: 

(a) A quantity of sedimented red cells was hemolyzed by successively 
freezing and thawing the specimen, repeating the procedure three times. The 
stroma, isolated by centrifugation, was washed 6 to 20 times with twice- 
distilled water. 

(b) The packed red cells were hemolyzed by dialysis against twice-distilled 
water for 48 hours at 4° C. The hemolyzate was centrifuged and the stroma 
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removed and washed 10 times with twice-distilled water. 

The stroma, prepared by both these procedures, was found to have the 
same activity for the enzymes of the pentose phosphate metabolic pathway. 
As with the dialyzed SFH, the activity of the stroma in each of the six experi- 
ments was found to be proportional to the concentration of hemoglobin in the 
preparation. Whether the enzymes are bound to the stroma, or are merely 
occluded in it, is not known. 


The Pentose Phosphate Metabolic Pathway in the Erythrocytes of Galactosemic 
Individuals 

The activity of the pentose phosphate metabolic pathway in the red cells 
from three galactosemic children of the same family was studied. The dialyzed 
hemolyzate from the fresh cells was assayed for transketolase and transaldolase 
activity. The data in Table III show that the activity of the enzymes was 
within the range of normal. It would appear, therefore, that the erythrocytes 
of galactosemic patients are normal with respect to the capacity to metabolize 
pentose. 


TABLE III 


The activity of the pentose phosphate metabolic pathway 
in erythrocytes from galactosemic individuals 











Transketolase activity Transaldolase activity 
Donor (umoles S-7-P/g Hb/hour) (umoles F-6-P/g Hb/hour) 
A 33.8 46.1 
B $2.5 45.8 
Cc 33.9 46.5 





ConpiT10ons: Transketolase assay as under Table I except that the enzyme 
concentrations were as follows: A, 19.6 mg Hb/ml; B, 20 mg Hb/ml; C, 21 mg 
Hb/ml. Transaldolase assay, as under Table I except that the enzyme concen- 
trations were as follows: A, 57.8 mg Hb/ml; B, 60.3 mg Hb/ml; C, 61.1 mg Hb/ml. 


Discussion 


As shown in an earlier paper, the enzymes of the pentose phosphate metabolic 
system in the red cell are fully active at pH 6.7 whereas hexokinase, and hence 
the glycolytic system, is almost inactive at this hydrogen ion concentration 
(9). Since blood collected in ACD assumes the pH of about 7.0, hexokinase is 
virtually inactivated immediately and the utilization of glucose blocked. The 
ribose moiety of nucleosides, on the other hand, can readily be metabolized at 
this hydrogen ion concentration to yield ATP and lactate. The regeneration 
of the energy reserve of the cells induces the resynthesis of phosphorylated 
intermediates and thus explains the metabolic reconditioning that occurs 
when nucleoside is added to specimens of preserved erythrocytes. 

The observed rates of the reactions of the pathway in the erythrocyte, as 
indicated in Fig. 1, are comparable with those of the pathway in a variety of 
tissues, including bovine corneal epithelium (10), bacteria (11), and liver 
(12, 13). The sequence of the various reactions of the pathway in the red cell 
is typical of a system in which the product of one reaction becomes the 
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substrate for a succeeding reaction. The sequence is in agreement with 
the observations of Dische and Pollazek (14). 

In the normal metabolism of the red cell, ribose phosphate can be derived 
from glucose, but the extent to which the cell normally makes use of the 
pentose metabolic pathway, is not known. The system is relatively very 
stable even at pH 6.5 and remains active in preserved erythrocytes long after 
the glycolytic pathway becomes irreversibly inactivated because of the in- 
activation of hexokinase. Notwithstanding this apparent merit of the pentose 
pathway there is little evidence that the system plays an important role quan- 
titatively as an alternative route of glucose utilization in the circulating red 
cell. The factor that limits the use of the pathway appears to be the inability 
of the cells to reoxidize the reduced triphosphopyridine nucleotide produced in 
the formation of pentose from glucose. Methemoglobin, when formed in the 
cell, might lead to the reoxidation of the reduced TPN, but this would account 
for the utilization of only a small amount of glucose. 
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BIOCHEMICAL STUDIES ON TOFRANIL' 


P. N. ABapom, K. AHMED,? AND P. G. SCHOLEFIELD® 


Abstract 


Tofranil inhibits the respiratory activity of rat brain cortex slices incubated 
in a glucose-containing medium. It also inhibits the uptake and incorporation of 
glycine-1-C at concentrations which have only a slight inhibitory effect on the 
respiration of slices. Tofranil also inhibits oxidative phosphorylation in both 
rat liver and rat brain mitochondria but at higher concentrations respiration is 
greatly affected. Tofranil differs quantitatively from chlorpromazine in its 
greater inhibitory effect on the ATP-P;*? exchange reaction and its lesser effect 
on the cytochrome ¢ oxidase activity of rat liver mitochondria. 


Introduction 


Tofranil N-(3-dimethylaminopropyl)-iminodibenzyl hydrochloride has re- 
cently been introduced as a drug for the treatment of depressive states. 
Clinical studies have shown that it is a potent antidepressant with little effect 
on other mental conditions (see, for example, 1, 2,3). Such an action of Tofranil 
is in sharp contrast to the action of tranquilizing agents which primarily affect 
the manic states of agitation or excitation. Biochemical studies on several 
neurotropic drugs, such as local anaesthetics (4), barbiturates (5, 6, 7), and 
chlorpromazine (8, 9, 10, 11), have shown that these agents act as respiratory 
inhibitors and may also be able to uncouple oxidation from phosphorylation. 
It has, in fact, been suggested that the depressant effects of barbiturates are 
produced by such an uncoupling mechanism (12). It was therefore of interest 
to study the effects of an antidepressant (Tofranil) on certain biochemical 
events in vitro. The effects of Tofranil on the respiratory activity of rat brain 
cortex slices, on the energy-dependent processes of uptake and incorporation 
of glycine-1-C'* by such slices, and on mitochondrial metabolism relating to 
oxidative phosphorylation, have been studied. In some of these experiments, 
the effects of Tofranil have been compared with those of chlorpromazine. 


Materials and Methods 


Animals 


Adult male rats weighing about 200 g, of a local inbred strain, were used 
throughout the investigation. 


Chemicals 


All common chemicals were of the reagent grade and were used without 
further purification. 


1Manuscript received October 6, 1960. 

Contribution from the McGill-Montreal General Hospital Research Institute, 3619 Uni- 
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Tofranil was supplied in the crystalline form by Geigy (Canada), Limited, 
Montreal. It was almost insoluble in water at pH 7.4 but could be obtained 
in solution at pH 6.8 at a concentration of 20 mM. All other substrates and 
the incubation media were adjusted to pH 7.4. ATP was obtained from 
Nutritional Biochemicals, Cleveland, cytochrome c from Wyeth, Inc., Phila- 
delphia, and hexokinase from Sigma Chemical Company, Saint Louis. 


Radioactive Materials 

P%2 phosphate was obtained from Charles E. Frosst Co., Montreal. It was 
boiled for 1 hour at 100° C with N HCl to decompose any pyrophosphate 
present. The solution was adjusted to pH 7.4 and diluted so that it had an 
activity of 10 zc/ml. Approximately 1 zc was added to each vessel, or about 
200,000 c.p.m., counted with a thin end-window Geiger—Miiller tube and 
Baird Atomic Model 123 scaler. 

Glycine-1-C'* was purchased from Merck and Company, Limited, Montreal. 
Glycine was present in the medium at a final concentration of 2mM and its 
radioactivity was equivalent to approximately 0.5 yc/3 ml of medium. 


Respiratory Studies 

Slices of rat brain cortex were cut from cerebral hemispheres using a Stadie— 
Riggs tissue slicer (A. H. Thomas and Company, Philadelphia). Their oxygen 
uptake was measured in the conventional Warburg apparatus with oxygen as 
the gas phase and at a temperature of 37° C. The Krebs-Ringer medium 
used for the incubation contained NaCl, 145 mM; KCl, 5.8 mM; KH2PO,, 
1.5 mM; MgSO,, 1.5 mM; CaCh, 3.1 mM; sodium phosphate buffer, pH 7.4, 
10 mM. The final volume, unless otherwise stated, was 3 ml and all the con- 
centrations in the text refer to final molarity in the medium. 

Rat liver mitochondria were prepared according to the method of Hoge- 
boom, Schneider, and Pallade (13). Rat brain mitochondria were prepared 
essentially by the method of Brody and Bain (14) except that the first centri- 
fugation to remove nuclei and cell debris was carried out at 1200 g and the 
second to isolate mitochondria was carried out at 10,500 g. Oxidative phos- 
phorylation was measured by the method of Hunter (15), and inorganic phos- 
phate was estimated by the method of Fiske and Subbarow (16). The method 
used for the measurement of the AT P—P;*? exchange reaction was as described 
earlier (17). Cytochrome c oxidase activity of rat liver mitochondria was 
assayed by the method of Dawkins, Judah, and Rees (9). 


Uptake and Incorporation of Glycine-1-C'4 

At the termination of the incubation period, brain cortex slices were re- 
moved from the medium, washed with ice-cold Krebs-Ringer (‘‘salts’’) solu- 
tion, homogenized in 3 ml 95% ethanol, and extracted at room temperature 
for 30 minutes. The sample was centrifuged and a suitable aliquot of the 
supernatant was plated on aluminum disks, dried, and counted. 

The extent of incorporation of glycine-1-C'* into protein was estimated by 
the method of Rabinovitz, Olsen, and Greenberg (18). The residue was 
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heated for 15 minutes at 90° C with 5 ml 5% trichloroacetic acid, centrifuged, 
and washed twice with 5 ml 5% trichloroacetic acid. The residue was re- 
extracted with 5 ml 95% ethanol at 60° C for 30 minutes, followed by a wash- 
ing with 5 ml ethanol—ether mixture (3:1). The residual material was finally 
washed once with 5 ml ether and suspended in 0.5 ml chloroform—ether mixture 
(4:1), plated on tared planchets, weighed, and counted. This radioactivity 
represented glycine-1-C'* incorporated into proteins. 


Results 
Effects of Tofranil on Respiratory Activity of Rat Brain Cortex Slices 


Tofranil acts as a respiratory inhibitor for rat brain cortex slices (Table I). 
The inhibition of the respiratory activity of brain slices took place in the 


TABLE I 


Effect of Tofranil on the respiration of rat brain cortex slices 
in the presence of various substrates 








Tofranil Time interval (minutes) 
Substrate concentration 


(10 mM) (mM) 30-60 60-90 
Nil 0 
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presence or absence of glucose as substrate and also in the presence of sub- 
strates of the tricarboxylic acid cycle, such as glutamate, pyruvate, and 
succinate. However, the inhibitory effect of Tofranil was less pronounced on 
respiration in the presence of succinate than on that found with the other 
substrates. The inhibition by Tofranil of the respiratory activity of all slices 
gradually increased during the incubation. Addition of 0.5 mM Tofranil 
slightly stimulated respiration initially in some instances but there was a 
progressive decrease in the rate of oxygen uptake. Increase in the concentra- 
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tion of Tofranil to 1 mM abolished all initial stimulatory effects and during 
the incubations significant and increasing inhibitions of the respiratory 
activities were observed. Still higher concentrations of Tofranil (e.g. 2 mM) 
almost completely abolished the respiration of the brain cortex slices except 
when succinate was the substrate. 


Effects of Tofranil on Uptake and Incorporation of Glycine-1-C'* 


The results presented in Table II show that Tofranil inhibits the uptake 
and incorporation of glycine-1-C' in rat brain cortex slices. This inhibition 


TABLE II 


The effects of Tofranil on the uptake and incorporation 
of glycine-1-C'* by rat brain cortex slices 














Uptake of Incorporation of 
glycine-1-C' glycine-1-C"* into 
Tofranil —Qo: in 90 min proteins in 90 min 
concn. (umoles/g wet (mumoles/100 mg 
(mM) 0-30 min 30-60 min 60-90 min weight of tissue) protein) 
0 9.8 10.2 10.1 18 24.9 
0.16 10.6 9.1 8.7 8.0 (56) 19.6 (21) 
0.50 11.9 9.9 8.2 5.0 (72) 10.8 (57) 
1.0 8.4 3.8 2.4 2.0 (89) 0 (100) 





Note: The final concentration of glycine-1-C'* in the medium was 2 mM with a radioactivity of 1.61 10¢ 
c.p.m./umole. The figures in parentheses refer to percentage inhibitions. : 
The values quoted for the uptake of glycine were calculated from the expression 


c.p.m. in alcohol-soluble fraction X 1000 : 
c.p.m./umole glycine X wet weight of brain slice (mg) 
The values quoted for the incorporation of glycine were calculated from the expression 





uptake = 


c.p.m. in protein X 100 


incorporation = - —* 
ia c.p.m./myumole glycine X mg protein 





of both the uptake and incorporation occurred even in the presence of con- 
centrations of Tofranil which had only slight inhibitory effects on the respira- 
tion of slices. Thus 0.16 mM Tofranil inhibited the uptake of glycine-1-C' 
by brain slices by 56% and the inhibition of incorporation into brain proteins 
was of the order of 21%; 0.5 mM Tofranil, which inhibits respiration of these 
slices by 10 to 15% (on 60 minutes incubation), caused decreases of 72 and 
57%, respectively, in the uptake and incorporation of glycine-1-C'*. At con- 
centrations of Tofranil (>1.0 mM) at which a marked inhibition of respiration 
was observed, the incorporation of glycine-1-C'* into proteins was completely 
inhibited. 

These results indicate that Tofranil may affect the mechanisms of energy 
conservation in the cell, since it is known that incorporation of glycine into 
tissue proteins is an energy-dependent process (19). The following studies 
were therefore undertaken to determine the effects of Tofranil on oxidative 
phosphorylation. ' 


Effects of Tofranil on the P/O Ratio for Glutamate Oxidation 
Tofranil inhibits oxidative phosphorylation in rat liver and brain mitochon- 
dria (Table III). There is also an effect on the respiratory activity of rat liver 
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TABLE III 


The effects of Tofranil on oxidative phosphorylation 
in rat liver and brain mitochondria 











Tofranil 
concn. Oxygen uptake Phosphate uptake 
(mM) (uatoms) (umoles) P/O 
(a) Rat liver mitochondria 
0.0 7.2 19.9 2.74 
0.13 7.8 16.6 2.37 (13) 
0.27 4.3 8.9 2.02 (26) 
0.40 0.6 0.03 0.05 (—) 
(b) Rat brain mitochondria 
0.0 6.7 19.8 2.96 
0.15 7.4 16.4 2.33 (21) 
0.30 §.2 9.7 1.39 (53) 
0.50 1.4 1.88 0.75 (75) 





TATTOO 





Note: All figures quoted are mean values from duplicate determinations which did not differ from each other 
by more than 5%. The figures in parentheses refer to percentage inhibitions; 10 mM glutamate was present as 
substrate. Mitochondria equivalent to 500 mg wet weight of original tissue were present. The basic incubation 
medium contained MgSO., 6.7 mM; KCl, 75 mM; ATP, 1.67 mM; cytochrome c, 3.5X10-* M; and sodium phos- 
phate buffer, pH 7.4, 10 mM. 20mM glucose and 0.5 mg of hexokinase were used to trap the ATP. In the case of 
rat brain mitochondria, 10 mM NaF was also present in the medium. 


mitochondria which appears to be greater than the effect on the esterification 
of inorganic phosphate. Thus, 0.27 mM Tofranil inhibited the oxygen uptake 
by about 40% and decreased the P/O ratio by only 26%. The results obtained 
with rat brain mitochondria were somewhat different. The esterification of 
inorganic phosphate was more sensitive to Tofranil than the oxidation. A 
concentration of 0.3 mM Tofranil inhibited the oxygen uptake by only 20% 
but reduced the P/O ratio by 53%. At still higher concentrations of Tofranil 
the rate of oxidation was inhibited as much as that of the esterification of 
inorganic phosphate, 0.5 mM Tofranil being able to inhibit both by 80% 
(Table III). 


Effects of Tofranil on the ATP-—P;** Exchange Reaction 

Dawkins, Judah, and Rees (10) showed that chlorpromazine inhibits the 
ATP-P;*? exchange reaction in rat liver mitochondria. Tofranil also inhibits 
this exchange reaction, the sensitivity of the system being somewhat greater 
than the over-all process of oxidative phosphorylation (Table IV). In rat liver 
mitochondria, AT P—P;*? exchange was inhibited by about 50% in the presence 
of 0.05 mM Tofranil. For a similar inhibition of the exchange reaction in rat 
brain mitochondria, 0.1 mM Tofranil was required. 


Effects of Tofranil on Cytochrome c Oxidase Activity 

Dawkins, Judah, and Rees (9) showed that chlorpromazine inhibited cyto- 
chrome ¢ oxidase activity of mitochondria and that this inhibition was of a 
competitive nature. It was, therefore, of interest to determine whether 
Tofranil behaved in a similar fashion. The results shown in Table V indicate 
that chlorpromazine was about five times more effective than Tofranil in 








4 
‘ 





556 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 39, 1961 


TABLE IV 
The effects of Tofranil on ATP-P;** exchange in rat liver and brain mitochondria 








Rat liver mitochondria Rat brain mitochondria 





umoles of P*? phosphate exchanged umoles of P*? phosphate exchanged 


Tofranil per hour per gram of tissue per hour per gram of tissue 
concn. 


(mM) Expt. 1 Expt. 2 Expt. 3 Expt. 1 Expt. 2 
0 68.1 (100) 65.4(100) 61.8 (100) 15.8 (100) 13.8 (100) 
0.05 39.8 (58) — — — — 
0.1 — 12.8 (20) — 7.8 (50) 

0.2 


ae oe oa _ 3.1 (22) 
0.3 — — 8.5 (14) — _~ 











Note: The incubations were carried out at 20° C, air being the gas phase. The values in oe +y per- 
centages of the control values. The incubation medium for rat liver mitochondria contained ATP, 2.5 mM; 

gSOs, 5 mM; KCl, 37.5 mM; tris buffer, pH 7.4, 100 mM; sodium phosphate buffer, pH 7.4, 5 mM in 0. 5-1 ype 
of P32, The reaction was started by the addition of mitochondria in 0.25 M sucrose, equivalent to 125 mg wet 
weight of rat liver. 

The medium used for the incubation of rat brain mitochondria also contained 10 mM versene, pH 7.4, and the 
amount of rat brain mitochondria (in 0.25 M sucrose containing 1 mM versene) added was equivalent to 300 mg 
wet weight of rat brain. The amount of P*? added in this case was 2-3 wc. The final volume was 2 ml and the 
incubation time was 20 minutes. 


TABLE V 
Effects of Tofranil on cytochrome c oxidase activity 








ul O2 uptake/10 minutes 





Cytochrome c, Cytochrome c, 
20 uM 40 uM 





Expt. No. 1 

Tofranil j 138 161 

(mM) ; 134 _- 

128 144 

95 143 

55 135 

Chlorpromazine ‘ 78 
(mM) 


Expt. No. 2 
Tofranil , 162 
(mM) 137 
: 128 
; 73 
Chlorpromazine : 79 
(mM) : 57 


Note: The medium used for the incubation contained sodium phosphate, pH 7.4, 16 mM; ascorbic acid, 10 mM; 
versene, 0.6 mM. Mitochondria were suspended in water and the amount added per vessel was equivalent to 


200 -~ wet weight of liver. The final volume of the incubation medium was 3 ml and the incubation temperature 
was 3 





inhibiting the cytochrome c oxidase activity of rat liver mitochondria sus- 
pended in water. Tofranil (0.4 mM) inhibited the cytochrome oxidase activity 
by 32%. Chlorpromazine produced inhibitions of the order of 70 to 80% ata 
cencentration as low as 0.2 mM. The inhibitions produced by Tofranil were 
partially reversed when the concentration of cytochrome c in the medium was 
increased from 20 4M to 40 1M, suggesting that this inhibition may also be of 
a competitive nature. 
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Discussion 


The biochemical effects on mitochondrial and tissue metabolism produced 
by Tofranil seem to be similar to those produced by chlorpromazine, despite 
the fact that Tofranil is used as an antidepressant and chlorpromazine is 
employed as a tranquilizer. For example, 1 mM Tofranil has an inhibitory 
effect on the rate of oxygen uptake of rat brain cortex slices and the effect 
increases during the incubation period. Similar results were obtained with 
0.6 mM chlorpromazine by Lindan, Quastel, and Sved (11), who explained 
the increasing effect in terms of a slow penetration of the cortex slice by the 
drug. The latter workers also showed that chlorpromazine caused a progres- 
sive inhibition of glycine incorporation into protein, which amounted to 50% 
after 90 minutes’ incubation with 0.3 mM inhibitor. A similar effect was 
obtained with 0.5 mM Tofranil. 

It is now shown that the amount of radioactive glycine concentrated by the 
cells is reduced by more than 50% by a much lower concentration (0.16 mM) 
of Tofranil. This does not necessarily mean that transport of glycine into the 
brain slice is more sensitive to Tofranil than is the process of incorporation. 
The uptake is a measure of the ability of the slice to retain radioactive glycine 
at the end of the period of incubation but the observed value for the amount 
of glycine incorporated reflects what has happened during the whole incuba- 
tion period. 

These effects suggest that Tofranil, like chlorpromazine, (8) may uncouple 
oxidation from phosphorylation. This has been verified (Table III). The 
work of Dawkins, Judah, and Rees (10) has shown that the exchange reaction 
occurring between adenosine triphosphate (ATP) and radioactive inorganic 
phosphate in liver mitochondria is sensitive to the presence of chlorpromazine. 
The present results show that Tofranil is even more effective, 50% inhibition 
of this reaction being obtained with 0.2 mM chlorpromazine or 0.05 mM 
Tofranil. The exchange reaction in brain mitochondria is slightly less sensitive 
to Tofranil (Table IV). 

Dawkins et al. (9) also showed that chlorpromazine inhibits the cytochrome 
c oxidase activity of water-treated rat liver mitochondria and that the inhibi- 
tion may be reversed by addition of excess cytochrome c. Similar effects 
were obtained with Tofranil (Table V). The concentration of Tofranil re- 
quired was approximately five times as high as that of chlorpromazine. 

The results presented above show no qualitative differences between the 
effects of these two drugs. It is possible that their characteristic in vivo 
effects may result from the quantitatively different effects they have on 
isolated enzymic reactions, or on different parts of the nervous system. Such 
differences may be emphasized by the slow and possibly specific penetrations 
of chlorpromazine and Tofranil into localized areas of the brain. 
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SPINAL CORD INFLUENCES ON FORELIMB MOVEMENTS 
INDUCED FROM THE RETICULAR FORMATION IN THE CAT! 


M. COLONNIER? 


Abstract 


Ten adult cats were stimulated with monophasic square waves through bipolar 
electrodes chronically implanted within the reticular formation of the midbrain, 
at 500 and 50 c.p.s. In six of these, the stimulations were repeated after post- 
brachial section of the spinal cord. Forelimb movements obtained in the intact 
animals consisted mainly of flexion of the shoulder and elbow with extension of the 
wrist and toes in the ipsilateral forelimb, and extension of the elbow, wrist, and 
toes with abduction and a flexed or extended shoulder in the contralateral fore- 
limb. Movements obtained at the two frequencies were occasionally different: 
500 c.p.s. seem to favor flexion; 50 c.p.s., extension. Postbrachial sections of the 
spinal cord favored flexion of the extended elbows in both forelimbs, most often 
the contralateral, and extension of the flexed shoulder in the contralateral fore- 
limb. These results show that the forelimb movements obtained by stimulation 
of the reticular formation of the midbrain are, at least in part, dependent upon 
the intersegmental spinal cord organization. Extension of the contralateral elbow 
ao hs be particularly dependent upon pathways arising from cord levels 

ow T4, 


Introduction 


In recent years, a considerable amount of experimental work has been carried 
out to study the phenomena induced by electrical stimulation of the reticular 
formation of the brain stem. Two main groups of effects have been described. 
The first is concerned with modification of cortical and subcortical activity; 
the second, with control of postural tonus (1, 2). Only some of the latter effects 
will be considered in this paper, i.e., evoked forelimb movements. 

In 1946, Magoun and Rhines (3, 4) described generalized facilitation and 
inhibition by stimulation of the brain stem reticular formation of movements 
induced cortically or reflexly. Inhibitory sites were said to be localized mainly 
in the medioventral part of the medulla oblongata. Facilitatory areas were 
lateral and dorsal to this mass, and extended rostrally through the pontine and 
mesencephalic tegmentum as far forward as the ventral diencephalon. This 
phenomenon soon became the basis upon which theories of spasticity and 
rigidity were formulated (5). 

Sprague and Chambers (6) later questioned the validity of this concept of 
a non-reciprocal motor function of the brain stem reticular formation, at least 
as a true physiological mechanism. They revived the idea of a reciprocal 
function as suggested by earlier authors (7, 8, 9). 

They observed generalized inhibition or facilitation of decerebrate rigidity 
from only a minority of points stimulated in the medulla oblongata. Moreover, 
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inhibition was seen only at threshold values and facilitation at high supra- 
threshold voltages. Most points yielded reciprocal effects. These consisted of 
ipsilateral flexion and contralateral extension of the forelimbs from stimulation 
of the medioventral areas, and ipsilateral extension and contralateral flexion 
from the dorsolateral sites. Various movements of the hindlimbs and head 
were also observed. The same reciprocal movements were obtained in normal 
and decerebellate cats. The cerebellum and higher brain levels therefore seem 
to be without effect upon the type of movements obtained by stimulation of the 
reticular formation. 

The forelimb movements, however, may be dependent upon long propriospinal 
systems caudal to the brachial segments of the spinal cord. There is anatomical 
and physiological evidence for a direct contralateral pathway from the lumbar 
(spinal border cells of Cooper and Sherrington) to the cervical regions of the 
cord, which would form part of an ascending component of the bulbospinal 
mechanism influencing muscular tonus in the forelimbs (10, 11, 12, 13, 14, 
15, 16). 

The present series of experiments was devised to determine whether long 
propriospinal pathways ascending from the low thoracic and lumbar cord form 
part of an intrinsic intersegmental spinal cord organization upon which depends 
the sign (flexion or extension) of the forelimb movements obtained by reticular 
formation stimulation. 


Material and Methods 


The present investigation deals with a series of 10 adult cats (numbered from 
XVIII to XXVII) in which bipolar platinum electrodes were chronically 
implanted into the reticular formation of the midbrain. 

The electrodes were 0.1 mm in diameter with an exposed tip 1 mm in length 
and an interelectrode distance of 0.75 to 1.0mm. The site of implantation was 
at the frontal plane 0 or +1 of the Horsley Clarke co-ordinates, 2.5 mm to the 
right of the midline. The depth was determined from the cortex by the length 
of the electrode, usually 18 mm. The co-ordinates were chosen according to the 
atlas of Jasper and Ajmone-Marsan (17). 

Stimulations were started on the second postoperative day. The cats were 
lightly anaesthetized with 0.5 cc of a 5% solution/kg of Nembutal given intra- 
peritoneally. They were suspended in a hammock. If struggling was still 
present, the anaesthetic dose was increased by additions of 0.5 cc until the cat 
lay quietly in the hammock. Pinch reflexes were always present in the four 
limbs during the experiment. 

Stimulations were carried out on 3 separate days. Unipolar square waves 
were obtained through a Grass Stimulatgr model S4D coupled with a Stimula- 
tion Isolation Unit model SIU-4B. 

Parameters were of the order of 500 c.p.s. with an impulse duration of 
1 millisecond, and 50 c.p.s. with an impulse duration of 5 milliseconds. Stimula- 
tions were started at 0.5 volt and increased by increments of 0.5 volt until 
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2.5-3.0 volts above the threshold of the forelimb movements, unless prohibi- 
tively violent movements occurred earlier. The periods of stimulation lasted 
20 seconds. An interval of 100 seconds was allowed between each stimulation. 

A postbrachial section of the spinal cord was then performed at the level of 
the third or fourth thoracic vertebra on 6 of the 10 cats (XVIII, XIX, XXIV, 
XXV, XXVI, XXVII). Stimulations were repeated on 2 or 3 separate days 
as before the lesion. 

The site of implantation was determined histologically using the Cresyl Echt 
Violet and Heidenhain staining techniques. Cinematographic records were 
taken on 8-mm Kodachrome type “‘A”’ color film. 


Results 


In all cats except Nos. XX and XXIV, the exposed tip of the electrode was 
implanted at the level of the nucleus of the fourth nerve, within the nucleus 
cuneiformis of Olszewski (18) (Fig. 1). It was either deeply placed in this 


Fic. 1. The nucleus cuneiformis at the level of n.IV in the cat, based on Olszewski’s 
diagram of the human brain stem. The position of the electrode tract is similar to that 
found in cats Nos. XXI, XXII, XXIII, XXV, and XXVII. 

1. Nuclear cuneiformis. 2. Griseum centrale mesencephali. 3. Nucleus colliculi inferioris. 
4. Nucleus subcuneiformis. 5. Nucleus tegmenti pedunculopontinus. 6. Tractus tegmenti 
centralis. 7. Nucleus nervi trochlearis. 8. Fasciculus longitudinalis medialis. 9. Decussatio 
pedunculorum cerebellorum superioris. 10. Nucleus interpeduncularis. 11.Griseum pontis. 
12. Pes pedunculi. 13. Lemniscus medialis. E.T. Electrode tract. 


nucleus and even encroached upon the nucleus subcuneiformis, or it just 
reached the former’s most dorsal part. In the latter case, it usually encroached 
upon the central gray or the nucleus of the inferior colliculus (Fig. 1). In cat 
No. XX, the electrode tip was at a more caudal level and-at the periphery of 
the section, lateral to the lateral lemniscus, which could be seen curving 
medially towards the nucleus of the inferior colliculus. This electrode was 
implanted in a small group of cells which seem to correspond in the cat to the 
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human nucleus sagulum of Olszewski (18). The movements obtained were 
similar to those elicited from the nucleus cuneiformis. In cat No. XXIV, the 
tip of the electrode did not reach the nucleus cuneiformis but was partly within 
the nucleus of the inferior colliculus, partly in the central gray of the midbrain. 
This animal gave quite an atypical pattern of movement which may be ex- 
plained on the basis of the electrode site. Other exceptions to the most common 
movements obtained cannot, however, be correlated with the site of the im- 
plantation. 

Before the postbrachial section, the usual movement observed in the 
ipsilateral forelimb during stimulation of the reticular formation of the midbrain 
was flexion of the elbow (Fig. 2). It was nearly always associated with flexion 


YARABYE DS 
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XVIII XX} XXIE XXII XXIV XXVI XXVII 


Fic. 2. Rn of the movements of the shoulders and alll of the forelimbs 
obtained by stimulation of the reticular formation of the midbrain at 50 and 500 c.p.s. in 
cats Nos. XVIII to XXVII. Right corresponds to ipsilateral and left to contralateral limbs. 
A dotted line indicates a movement obtained only at suprathreshold voltages, and an arrow, 
a compound movement. Unless marked by an asterisk, all movements are accompanied 
by extension of the wrist and toes. 
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(retroflexion) of the shoulder. It was once accompanied by extension of the 
latter joint at low voltage at 500 c.p.s. in cat No. X XI in which, however, the 
usual flexion of the shoulder was observed at higher voltages. Extension of the 
elbow was occasionally elicited, i.e., with extension of the shoulder at 50 c.p.s. 
in cat No. XIX and with flexion of the latter joint at both frequencies in cat 
No. XVIII. No movements could be obtained at 500 c.p.s. from cat No. XXIV. 

The contralateral forelimb, on the other hand, usually showed extension of 
the elbow with abduction of the limb. This was accompanied by flexion of the 
shoulder at both frequencies in cats Nos. XVIII, XXI, XXII, XXVII and at 
500 c.p.s. in cat No. X XV, and by extension of the latter joint at both fre- 
quencies in cat No. XX and at 500 c.p.s. in cats Nos. XXV and XXVI. The 
same elbow movement occurred again but without shoulder movement at 50 
c.p.s. in cat No. XIX. Flexion of the-elbow was occasionally elicited, with 
flexion of the shoulder, i.e., at 50 c.p.s. in cat No. XXIV, at 500 c.p.s. in cat 
No. X XVI, and at both frequencies in cat No. XXIII. In the latter two animals, 
the flexion of the elbow was admittedly minimal and the general movement of 
the limb closely resembled the extension of the elbow and flexion of the 
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shoulder with abduction usually observed in the contralateral forelimb. 

It should immediately be noted that simple complete movements, i.e., 
consisting of the same movement at all joints, were only observed three times. 
All were obtained at 50 c.p.s., and consisted of extension of shoulder, elbow, 
wrist, and toes. They were found with abduction, in the contralateral forelimb 
of cats Nos. XXV and XXVI and, without abduction, in the ipsilateral fore- 
limb of cat No. XIX. No simple movement in the form of flexion of all joints 
was ever observed. Indeed active flexion of the wrist and toes was never seen 
in the forelimbs. 

All other movements were either composite, i.e., consisting of associated 
flexions and extensions of joints within the same limb, or incomplete, i.e., with 
some joints showing no active motion. A special mention must be made of two 
movements found at 50 c.p.s. in the ipsilateral forelimbs of cats Nos. XIX and 
XXVI. These gave a reversal of movement during the time of stimulation. 
This will be referred to as a compound movement. In cat No. XIX the exten- 
sion of all joints found in the ipsilateral limb at low voltage is preceded by 
flexion of the elbow at higher voltages; in cat No. X XVI the flexed elbow of 
the ipsilateral limb is followed by an attempt at extension at higher voltage 
resulting in a coarse extension-flexion tremor of this joint. 

Reference to Fig. 2 will show that the two frequencies occasionally yielded 
different movements. In such instances, extension is usually favored by the 
lower, and flexion by the higher, frequency. This holds true for the contra- 
lateral shoulder and elbow of cat No. X XVI, the contralateral shoulder of 
No. XXV, and the ipsilateral shoulder and elbow of No. XIX. Moreover, the 
contralateral elbow of cat No. XIX, which was extended at 50 c.p.s., shows 
no movement at 500 c.p.s. and the flexed ipsilateral elbow of cat No. XXVI 
acquired an extensor component (as part of a compound movement) at 50 
c.p.s. but not at 500 c.p.s. A favoring of flexion by the lower frequency has 
also been observed. The ipsilateral shoulder of cat No. X XI, which was flexed 
at 50c.p.s., extended at 500c.p.s. at low voltage. There were no movements in 
the forelimb of cat No. XXIV at 500 c.p.s. but both shoulders and elbows 
flexed at 50 c.p.s. However, since the electrode in the latter animal was 
considerably displaced from the nucleus cuneiformis, it is probably justified to 
conclude that stimulation of the central core of the reticular formation of the 
midbrain at high frequencies favors flexion and at low frequencies, extension. 

After the postbrachial section, the six cats involved showed changes in at 
least one limb at 50 or at 500 c.p.s. (Fig. 3). These were usually present in the 
contralateral forelimb and consisted in flexion of the previously extended elbow 
(at 50 c.p.s. in cats Nos. XIX and XXVI, at 500 c.p.s. in cat No. XXV, and 
at both frequencies in cat No. XXVII) and extension of the previously flexed 
shoulder (at 500 c.p.s. in cats Nos. XXV and XXVI and at both frequencies in 
No. XXVII). However, the two contralateral elbows which were flexed in the 
normal preparation (at 50 c.p.s. in No. XXIV and at 500 c.p.s. in No. XXVI) 
extended after the lesion. 
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Fic. 3. Diagram of the movements of the shoulders and elbows of the forelimbs 
obtained by stimulation of the reticular formation of the midbrain at 50 and 500 c.p.s. in 
cats Nos. XVIII, XIX, XXIV, XXV, and X XVII, before and after postbrachial section. 
Top row represents movements in intact animals; bottom row, those after the lesion. 
Symbols are the same as in Fig. 2. 


In the ipsilateral forelimb, on the other hand, the usual flexion of the shoulder 
and elbow was unaltered by the lesion except in cat No. XXIV, in which move- 
ments disappeared altogether. The two previously extended elbows and the 
one extended shoulder, however, flexed after the lesion (at 50 c.p.s. in cats 
Nos. XVIII and XIX). 

It is to be noted that some of these reversals after the lesion are present as 
components of compound movements (at both frequencies in cat No. XXVI 
and at 500 c.p.s. in cat No. XXV). Other new compound movements which 
have appeared after the lesion were observed at 500 c.p.s. in both forelimbs of 
cat No. XVIII and in the ipsilateral forelimb of No. XXV. The former move- 
ments were not analyzable in terms of joints and consisted of a slight forward 
movement of the ipsilateral and a slight backward motion of the contralateral 
paw. This was reversed after a long latency so that the ipsilateral paw slipped 
backwards and the contralateral one, forwards. The movement of the ipsi- 
lateral limb of cat No. XXV at 500 c.p.s. was preceded by a wide abduction of 
the limb (not illustrated in Fig. 3). 

In summary, the changes in the movements after the lesion usually consisted 
in flexion of the previously extended elbow and extension of the previously 
flexed shoulder of the contralateral limb. The two contralateral elbows, which 
were originally flexed, extended. Changes were rarely seen in the flexed shoulder 
and elbow of the ipsilateral forelimb, but the two originally extended elbows 
flexed after the lesion. 


Discussion 


1. Movements Observed in the Normal Caé 

It is apparently not sufficient to speak of flexion or extension of a limb when 
reporting movements elicited by stimulation of the reticular formation of the 
brain stem. This implies that all joints in the limb flex or extend. Such simple 
complete movements were found only three times in this series of experiments. 
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They consisted of extension of the shoulder, elbow, wrist, and toes with 
abduction in two contralateral forelimbs, and without abduction in the ipsi- 
lateral forelimb of a third animal. They occurred at 50 c.p.s. only. Simple 
complete movements giving only flexion were never observed. Indeed, active 
flexion of the wrist and toes was never recorded. It should be stated, however, 
that passive drooping of the wrist did occur at low voltages as the flexion of the 
shoulder and elbow lifted the forearm to the horizontal position. 

Changes in the movements with changes in frequency have not been reported 
by previous workers who have stimulated the reticular formation. They have 
been observed here in 5 of the 10 animals. This is presumably due to the 
various capacities of synapses to respond to high frequencies of stimulation (19). 
It would seem that some of the synapses concerned with extension cannot 
respond as well to high frequencies of stimulation. This may be due to their 
own physiological characteristics or to the fact that extension is mediated by a 
pathway containing a larger number of synapses. 

The changes in movements with changes in frequency described here parallel 
the findings of Ranson and Hinsey (20) that rapid faradic stimulation of a 
sensory peripheral nerve sometimes called the contralateral flexor muscle into 
activity while lower stimulation rates gave a pure crossed extension. Another 
comparable variation with change in frequency has also been reported by 
Moruzzi in 1950 (21). He states that inhibition of decerebrate rigidity and of 
myotatic reflexes is elicited by stimulation of the cerebellum at 50 to 300 c.p.s., 
whereas facilitation results from rates of 2 to 30 c.p.s. 


2. Movements Obtained after the Postbrachial Section 

After the postbrachial section, changes did occur in the patterns of muscular 
movement elicited by stimulation of the reticular formation. This is an 
indication that these patterns are not represented as such within the reticular 
formation of the midbrain, or do not depend solely upon descending reticulo- 
spinal pathways to the cervical cord. They must somehow be modified 
by other systems ascending from lower levels of the spinal cord to the cervical 
segment. The hypothesis supported here is that reticulo-spinal fibers not only 
activate the cervical segments of the cord but also send impulses reaching lower 
levels which are then relayed back to the brachial segments to modify the 
original more direct effect upon the forelimb musculature. 

First, we must consider the anatomical basis of this interpretation. The 
descending reticulo-spinal axons have been shown to originate from cells in the 
medial part of the reticular formation of the pontine and medullary region only 
(1, 10, 7, 19, 8, 17, 3, 26, 18, 20, 14, 2). The fibers of the pons are strictly 
ipsilateral; those from the medulla are bilateral though chiefly ipsilateral. 
They all end in almost equal number in the cervical and thoracic segments of 
the cord but stop short of the lumbar region. It has been suggested that the 
descending reticular pathways are then continued as propriospinal fibers (2). 

Although the midbrain reticular formation is the origin of some long ascend- 
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ing axons, it does not give rise to long descending fibers to the spinal cord. The 
work of the Scheibels (22) has demonstrated that the axons of the cells in this 
region split into an ascending and descending branch. The area of potential 
interaction of these axons has been described as a conically shaped mass with 
its long axis directed parallel to the long axis of the brain stem. This organiza- 
tion suggests that though impulses may be transferred to the contralateral 
side of the brain stem along the parallel conical fields, the main line of trans- 
mission is along the ipsilateral side. 

The impulses from stimulation of the reticular formation that yield move- 
ments of the limbs would be transmitted through this multisynaptic pathway 
in the midbrain (or one short descending axon might be sufficient) to the areas 
of the pons and medulla. At this level, similar pathways may carry these 
impulses to the spinal cord but direct long reticulo-spinal fibers would be 
available to carry them to the cervical segments of the cord. From the anatom- 
ical data it is apparent that this direct effect would be mostly ipsilateral though 
some contralateral effect from cells of the medulla would also obtain. Intra- 
segmental fibers at the cord level may also be responsible for contralateral 
effects. 

Impulses descending along this reticulo-spinal pathway reach not only the 
cervical cord. They are propagated through the propriospinal system until the 
lumbosacral segments are activated. Firing into the interneuronal pool at this 
level they may activate the spinal border cells of Cooper and Sherrington. 
Impulses from these cells reach the contralateral side of the cervical segment of 
the spinal cord. 

At least three groups of axons fire upon the interneuronal pool of the cervical 
region at the time of stimulation: direct reticulo-spinal fibers, intrasegmental 
fibers, and long ascending propriospinal fibers from the spinal border cells of 
Cooper and Sherrington. Direct reticulo-spinal fibers will have a more powerful 
effect upon the ipsilateral side than upon the contralateral side and, conse- 
quently (since they are driven by the ipsilateral fibers), the reverse is true of the 
intrasegmental and the spinal border cell fibers. 

The position of the ipsilateral forelimb therefore would seem to depend 
mostly upon activation of the interneuronal pool by direct reticulo-spinal fibers. 
This effect, which is weaker on the contralateral side, should be strongly 
modified by the intrasegmental and spinal border cells driven by the more 
powerful ipsilateral reticulo-spinal pathway. This would explain why the 
changes after the postbrachial section are greater on the contralateral than on 
the ipsilateral side. As reported, the changes after the lesion consisted mostly 
of flexion or at least of the acquisition of a flexor component by the usually 
extended elbow of the contralateral forelimb (and the extension of two that 
were previously flexed). The ipsilateral forelimb was unaffected in its usually 
flexed elbow. Two originally extended elbows, however, did flex after the lesion. 

It might be argued that extension of the contralateral (or more rarely the 
ipsilateral) elbow is mediated through intrasegmental and (or) spinal border 
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cells. Removal of the latter eliminates the extension completely or partially 
(as in compound movements). The movements of the wrists and toes remain 
unaltered after the lesion and are, therefore, in the context of this interpreta- 
tion, due solely to direct pathways or to the intrasegmental fibers. 

The results obtained in this investigation are rather surprising in the light of 
the effect of postbrachial section upon decerebrate rigidity. This effect has 
been described and named the Schiff-Sherrington phenomenon by Ruch 
(11, 12) and consists in an exaggeration of extensor forelimb rigidity. It would 
be due to a release of tonic inhibition of forelimb extensors exerted by the 
Cooper-Sherrington cells (16). An increase in the extensor rather than the 
flexor components of the limb movements, obtained by stimulation of the 
reticular formation of the midbrain, should therefore be expected after the 
lesion. This discrepancy cannot be presently explained with confidence. It does 
illustrate, however, the care with which the effects of electrical stimulation of 
circumscribed areas of the brain must be used to interpret physiological or 
pathological effects from the same areas. Because stimulation of the reticular 
formation yields a certain effect, it does not follow that this area normally 
exerts such a function, nor that removal of inhibition will give the same effect. 

It has already been noted that the cerebellum and higher brain levels seem 
to be without effect upon the type of movements obtained by stimulation of 
the reticular formation of the brain stem when experiments are performed on 
different animals. It is, however, by no means certain that the movements 
obtained from a specific site of the reticular formation of one individual would 
be unaltered by decerebellation or decerebration. 

In summary, it is concluded that the patterns of movements obtained by 
stimulation of the reticular formation of the brain stem are not represented as 
such within the reticular formation and do not necessarily represent the true 
function of this area of the brain. 
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CHANGES IN HUMAN SERUM PROTEIN FRACTIONS 
WITH AGE AND WEIGHT! 


B. C. Das? anp S. K. BHATTACHARYA 


Abstract 


Serum protein, serum cholesterol, and inorganic phosphorus measurements 
were determined for 160 adult males. Height, weight, and age data were also 
collected. The serum proteins were separated into six components in terms of 
their electrophoretic mobility: albumin, a globulin, a2 globulin, 8; globulin, 6: 
globulin, and y globulin. Analysis of the results showed that serum globulin 
fractions and total serum globulin increase linearly with age (P<.01), and 
decrease as weight increases (P <.05). Total serum cholesterol, cholesterol ester, 
and free cholesterol were not related to serum globulin fractions. Inorganic phos- 
phorus was negatively related to the globulin fractions (P <.05). Serum albumin 
did not change with age, weight, height, cholesterol, or inorganic phosphorus. 
Albumin and globulin fractions were significantly related to each other (P <.01). 


Introduction 


Research on the human serum proteins has been directed toward problems 
of physiological and biochemical interest as well as toward those of medical 
and genetical interest. From the physiological and biochemical point of view, 
the serum proteins play important roles as biological buffer systems, in the 
maintenance of the osmotic pressure of the blood, control of blood pH, trans- 
port of lipids, dietary nitrogen, and other inorganic elements, and in immuno- 
logical and other functions (1, 2). Medical interest in the serum proteins has 
arisen because of the marked changes which occur during disease and other 
disorders, and their absence in some congenital diseases. Reduction of serum 
albumin has been observed in nephritis, liver cirrhosis, malnutrition, injury 
reactions, and edema, while serum globulins have been observed to increase 
in many diseases (3). The discovery of inherited peculiarities in protein 
synthesis has aroused the interest of geneticists (4). 

The nomenclature of Tiselius for the serum proteins has been widely adopted, 
due partly to the increasing use of the electrophoretic method in research and 
in clinical evaluation (2). The electrophoretic method distinguishes protein 
fractions in terms of their mobility in an electrical field. A major distinction 
is made between albumin (molecular weight 69,000) and the globulins (average 
molecular weight 170,000 to 175,000). The globulins in turn are separated 
intO a, ae, 21, Be, and y fractions according to their electrophoretic mobility 
(5). Functions characteristic of specific fractions include the role of albumin 
in maintaining the fluid balance of the body and the antibody function of 
¥ globulin (3). 

‘Manuscript received June 17, 1960. 

Contribution from the Biometry Research Unit, Indian Statistical Institute, 203, Barrack- 
pore Trunk Road, Calcutta-35, India. 


2On leave of absence from the Indian Statistical Institute. Present address: Department of 
he ysiology and Pharmacology, Wayne State University College of Medicine, Detroit, Michigan, 
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Although the serum proteins have been studied extensively in the past 
decade, little is known of their interaction with each other and of the factors 
influencing their variability in healthy individuals. Published research reports 
do not indicate whether the protein fractions change with such physical 
factors as height, weight, or age. Information on these aspects should be of 
relevance not only to physiologists and geneticists but also to physicians using 
serum electrophoresis records for diagnostic purposes. The present investiga- 
tion was designed with these considerations in mind. The primary purpose 
was to determine whether the physical factors of height, weight, and age have 
any relationship with the serum proteins in healthy individuals. Interrelation- 
ships among the serum protein fractions were also examined for the same 
individuals, and serum cholesterol and inorganic phosphorus data were col- 


lected. 


Methods 


Data were collected for 160 adult male Bengalis (residents of the State of 
West Bengal, India) selected by random sampling within age groups of em- 
ployees of the Indian Statistical Institute. The subjects ranged in age from 
20 to 69 years, were all engaged in office work, and were all nonvegetarians 
whose main source of carbodydrate was rice. Subjects came to the laboratory 
in the morning in a fasting condition (no meal since the previous evening) and 
venous blood was removed for cholesterol, inorganic phosphorus, and serum 
protein determinations. The venous blood was always taken between 9.30 a.m. 
and 10.30 a.m., and was immediately processed for the different estimations. 
Height (ft) and weight (Ib) were measured and age was recorded at the same 
time. 

Bloor’s method was used to estimate total serum cholesterol in milligrams 
per 100 milliliters (mg%), and Bloor and Knudson’s method was used to 
determine cholesterol ester in mg % (6, 7). Free cholesterol was calculated by 
subtracting the ester from total cholesterol. 

The method of Fiske and SubbaRow was used to determine inorganic 
phosphorus in mg % (8, 9). 

Serum protein fractions were determined by the agar electrophoresis method 
of Giri (10). The serum was prepared by clotting at room temperature for 
15 minutes and then incubated for 10 minutes at 28° C, after which it was 
centrifuged at 2000 r.p.m. for 10 minutes. The agar plate was made by apply- 
ing 15yl of the clear, fresh, unhemolyzed serum to a Whatman No. 1 paper 
and placing it at the center of the agar gel (ionic strength 0.05) on a glass 
plate (5.1 by 30.3 cm); the agar plate was then covered with another glass 
plate. The agar electrophoresis unit which was used was made by the Vega 
Corporation, Bangalore, India. The electrophoresis was carried out (210 volts, 
4.6 ma) in a veronal acetate buffer (pH 8.6, ionic strength 0.05) for 614 hours, 
after which the agar plate was dried and stained with naphthalene black (Amido 
Schwarz 10B manufactured by E. Merck, W. Germany) for 30 minutes and 
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washed twice with methanol containing 10% acetic acid. Densitometric 
curves were obtained by measuring the color density of the protein fractions 
on the agar plate with the photovolt densitometer (Photovolt Corporation, 
New York). Relative concentrations of the protein fractions were estimated 
by measuring the area under the densitometric curves with a planimeter. The 
resulting measurements were in square centimeters. To evaluate the reliability 
of the serum protein measurement, two agar plates were prepared from the 
same sample of serum and the densitometric curves and measurements were 
made for each plate separately for 11 of the subjects. The correlations between 
the two sets of measurements were .85 albumin; .89 a globulin; .97 az globulin; 
.90 8; globulin; .96 8, globulin; and .96 y globulin. 


Results 


The basic descriptive data are presented by age groups in Table I. The 
means of the fractions expressed as percentages of relative total protein 
(estimated electrophoretically) are as follows for the total group: 60.10% 
albumin; 3.06% a globulin; 9.26% az globulin; 6.75% 81 globulin; 2.47% Be 
globulin; and 18.35% vy globulin. These values can be calculated for the different 
age groups from the data given in Table I by adding albumin and total globulin 
(the sum of a, ae, 21, 82, and y fractions) and taking the total as relative total 
protein. 

The correlations between height, weight, age, and the serum protein frac- 
tions are presented in Table II. They show that height and weight are 
significantly correlated, but that other correlations between height, weight, 
and age are insignificant. The serum globulin fractions are highly intercor- 
related, with an average intercorrelation of +.78. Height is negatively cor- 
related with a; globulin (P<.05); weight is significantly and negatively cor- 
related with ae, 82, and y globulins and total globulin (P<.05); and age is 
significantly and positively correlated with all of the globulin fractions and 
total globulin (P<.01). Serum albumin is not significantly correlated with 
height, weight, or age, but is significantly correlated with all of the globulin 
fractions (P<.01), with an average correlation of +.51. As age has the most 
significant relationship, the age groups have been compared for each of the 
globulins by analysis of variance (11). Albumin has been similarly analyzed. 
The analysis of variance summary tables are given in Table III. They show 
that the unpartitioned variation between groups is significant for all of the 
globulin fractions and total globulin but not for albumin. They also show 
that the component of variation between groups due to the linear regression of 
globulin on age is highly significant for all of the fractions and total globulin 
(P<.01) but that the remainder component of between-groups variation is 
uniformly insignificant. To compare the relative contrfbution of height, 
weight, and age to serum albumin and globulin, multiple regression equations 
(12) are presented in Table IV. The standard regression coefficients show that 
age and weight have a significant effect on all of the globulin fractions but not 
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TABLE III 


Effects of age upon serum protein fractions: analysis of variance summary tables 











Source of Sum of Degrees of Mean 
Measurement variation squares freedom square F 
Albumin Between groups 1.8826 4 0.4707 2.037 
Due to regression 0.4397 1 0.4397 1.904 
Remainder 1.4429 3 0.4810 2.082 
Within groups 35. 8088 155 0.2310 
a, Globulin Between groups 0.1563 4 0.0391 7.0377 
Due to regression 0.1340 1 0.1340 24.131¢ 
Remainder 0.0223 3 0.0074 1.339 
Within groups 0.8607 155 0.0056 
a. Globulin Between groups 0.8095 4 0.2024 2.493* 
Due to regression 0.3529 1 0.3529 4.347f 
Remainder 0.4566 3 0.1522 1.875 
Within groups 12.5830 155 0.0812 
8, Globulin Between groups 0.4474 4 0.1119 2.767* 
Due to regression 0.2839 1 0.2839 7.024f 
Remainder 0.1635 3 0.0545 1.348 
Within groups 6.2646 155 0.0404 
8: Globulin Between groups 0.0866 4 0.0217 3.8677 
Due to regression 0.0763 1 0.0763 13.636T 
Remainder 0.0103 3 0.0034 0.611 
Within groups 0.8678 155 0.0056 
y Globulin Between groups- 5.3592 4 1.3398 3.971F 
Due to regression 4.6257 1 4.6257 13.710F 
Remainder 0.7335 3 0.2445 0.725 
Within groups 52.3005 155 0.3374 
Total globulin Between groups 23.6307 4 5.9077 4.3097 
Due to regression 17. 3696 1 17. 3696 12.668 
Remainder 6.2611 3 2.0870 1.522 
Within groups 212.5171 155 1.3711 





*P<6. tP<.01. 


on albumin. The influence of age is relatively more than that of weight, and 
the two factors exert their influence in opposite directions. In order to estimate 
the relative amount of a protein fraction (Y’), given height, weight, and age, 
multiple regression equations are given. The multiple correlations are signifi- 
cant for all of the globulin fractions. The same analysis is given for albumin 
for comparison with the globulins. 

Figure 1 presents photographs of the agar plates of three individuals repre- 
senting three age groups, the twenties, the forties, and the sixties. The pro- 
teins appear in order from left to right, starting with albumin. Densitometric 
curves for these plates are given in Fig. 2. 

Correlations between cholesterol measurements, inorganic phosphorus, and 
serum protein fractions are given in Table V. The correlations between the 
cholesterol measurements are +.63 between total and ester, +.62 between 
free and total, and —.0007 between free cholesterol and the ester. Weight is 
correlated .3373 with total cholesterol, .3881 with cholesterol ester, and .1850 
with free cholesterol. These results are in agreement with those reported 
earlier (13, 14). No cholesterol measurements are significantly related to 
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Fic. 1. Photographs of agar electrophoresis plates showing the electrophoretic serum 
protein patterns for three subjects: A, age 22 (top); B, age 46 (middle); and C, age 63 
(bottom). 
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Fic. 2. Densitometric curves plotted from the agar electrophoresis plates given in 
Fig. 1 illustrating the relative concentration of serum protein fractions at different ages. 
From left to right the fractions are albumin, a globulin, a2 globulin, 6; globulin, 6 globulin, 
and y globulin. 
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serum protein fractions, but inorganic phosphorus is negatively and signifi- 
cantly related to a, 81, 82, and y globulins and total globulin. 


TABLE V 


Correlations between serum protein, serum cholesterol, 
and inorganic phosphorus (NV = 160) 








Serum cholesterol 











Serum Inorganic 
protein Total Ester Free phosphorus 
Albumin .0973 — .0400 . 1069 .0457 
a, Globulin .0207 .0574 .0254 —.1157 
a. Globulin . 1008 —.0181 . 1239 — .1766* 
6; Globulin .0978 .0160 . 1183 — .2196t 
62 Globulin .0640 — .0790 .0939 —.1794* 
Globulin — .0315 — .0436 — .0003 —.2134t 
Total globulin .0459 .0950 .0725 —.1450 
* P<.05. 
+t P<.01. 
Discussion 


Comparison of the serum protein values obtained for the Bengali sample 
with those published for European samples may be of interest. Lederer (15) 
summarizes the results obtained by a number of investigators using paper 
electrophoresis. Albumin fractions, expressed as percentage of the relative 
total protein, ranged from 55.4% to 72.9% in the eight studies cited from 
Germany, Italy, Scandinavia, and Spain. The number of subjects per study 
ranged from 10 to 39. The present value of 60.10% for the sample of 160 
Bengali males, obtained by agar electrophoresis, falls well within their range 
of albumin values. They report values from 1.4% to 4.4% for a globulin, 
3.5% to 8.1% for a2 globulin, 8.6% to 11.1% for # globulin, and 13.6% to 
22.2% for y globulin. The corresponding Bengali values are 3.06% a, 
9.26% ae, 9.22% B (combining 8; and f;), and 18.35% vy globulin. With the 
exception of a: globulin, the Bengali percentage values fall within the ranges 
reported by Lederer. The mean cholesterol values for the present sample are 
185.29 mg % for total cholesterol, 117.25 mg % for the ester, and 67.85% for 
free cholesterol. These values conform to those reported earlier for Bengalis 
(13, 14). Walker, Boyd, and Asimov (5) report a mean total cholesterol of 
180 mg %, with a standard deviation of 28 mg %, for North American males, 
which is in agreement with this value. Other workers, however, report values 
of 197 mg % for males between the ages of 18 and 35, and 239 mg % for males 
between the ages of 45 and 65 for total cholesterol (16). In the absence of 
weight data for their samples, direct comparison with the Bengali data may 
not be possible. Previous work in this laboratory (13, 14) has shown that 
cholesterol ester, free cholesterol, and total cholesterol inerease significantly 
with weight but not with age. For every 10-lb increase in weight, cholesterol 
ester may be expected to increase 3.13 mg %, free cholesterol 4.16 mg %, and 
total cholesterol 7.31 mg % (14). Mean inorganic phosphorus values of 
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3.5 mg %, 3.7 mg %, and 3.8 mg % have been reported by various investi- 
gators in North America. The level of inorganic phosphorus in the serum is 
apparently the same in Bengalis, with a mean of 3.57 mg % for the total group. 

Previous work on serum proteins has been primarily concerned with bio- 
chemical, medical, and physiological aspects. The literature does not indicate 
whether serum protein fractions are affected by physical characteristics of 
individuals. In the present data, the relative amount of the serum globulin 
fractions (as estimated by electrophoresis) was found to increase linearly 
with age. For these data, a 10-year advance in age would be expected to 
increase the relative amounts of the globulin fractions as follows: .022 a; 
.036 a; .032 81; .017 Be; .129 y globulin; and total globulin, .251. The way the 
electrophoretic pattern is altered with increasing age is illustrated by Figs. 1 
and 2. While the total amount of globulin is increasing, the albumin fraction 
remains constant. But if the data are expressed as percentage of total protein 
(determined electrophoretically), these changes would not be apparent. In 
fact, the percentage of albumin would appear to be decreasing with age, when 
it is actually not changing. Weight also influences the globulin fractions, but 
the relationship is inverse and again, albumin is not affected. It may be 
possible that, if weight increases with age, these two influences may counter- 
act each other. As age and weight are uncorrelated in the present data, the 
age influence is more obvious. Height apparently has little effect on either 
globulin or albumin. These findings suggest that at least part of the variability 
in serum globulin fractions in the healthy human male population may be 
attributed to differences in age and weight. Serum albumin is apparently 
uninfluenced by these factors. The multiple regression equations permit 
estimation of globulin fractions, obtained by the agar electrophoretic method, 
knowing only height, weight, and age. 

It has been mentioned in the literature that the existence of separate serum 
proteins in the living organism has not been satisfactorily demonstrated (16). 
A further suggestion has been made that the fractions are actually components 
of one or more protein complexes which have been broken off by the method 
of separation (2). While it is generally agreed that the proteins are not 
separated into entirely homogeneous compounds by the majority of the 
existing methods, attempts have been made to study the functional relation- 
ships and processes entered into by specific fractions. The correlational data 
presented in Table II suggest that albumins and globulins do, in fact, form 
two separate but related entities, as the average correlation between albumin 
and the five globulin fractions is +.51. These results are in agreement with 
conclusions drawn by other workers in terms of molecular weight, structure, 
and physiological and biochemical fungtions. From the correlations given in 
Table II it can be seen that the globulin fractions as measured are highly 
interrelated, with an average correlation of +.78. The fractions also behave 
in a similar manner toward albumin (Table II), height and weight (Tables II 
and IV), age (Tables II, III, and IV), and cholesterol and inorganic phos- 











it 


its 


ot 
he 


ita 
rm 
in 
ith 
re, 


ily 
ive 


II 








DAS AND BHATTACHARYA: HUMAN SERUM PROTEIN FRACTIONS 579 


phorus (Table V). These results could be interpreted as consistent with the 
view that the fractions represent components of a protein complex. The site 
of synthesis of some globulin fractions, excluding y globulin, has been attri- 
buted to the liver (1), but the evidence has not been accepted by all workers 
(see, for example, ref. 3). The high degree of intercorrelation among the 
globulin fractions observed in these data suggests that the hypothesis of a 
common site or mode of synthesis is tenable. 

One of the functions of the serum proteins is the transport of lipids, and 2 
globulin is supposed to contain cholesterol, according to Tiselius (as reported 
in ref. 2). The present data were examined to determine whether the serum 
protein fractions are related to serum cholesterol components. The correla- 
tions which are reported in Table V suggest that for the serum proteins, as 
measured, the relationships are not significant for @ globulin or any other 
fraction. Interest was also directed toward possible relationships between 
inorganic phosphorus and serum protein fractions. The data show that 
inorganic phosphorus is significantly and inversely related with each of the 
globulin fractions, but not with albumin. Phosphorus in the blood is utilized 
in many ways: it is incorporated into phospholipids, it must be available for 
phosphorylations in the cells, it is concerned with acid-base regulation, and 
it forms one of the main inorganic buffer systems of the body. Serum proteins 
also bear lipids, have a buffering function, and serve to transport inorganic 
ions, but whether any of these functions accounts for the observed relationship 
with inorganic phosphorus would have to be determined by further studies. 
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PROCEDURE FOR ISOLATION AND DETERMINATION 
OF HUMAN BLOOD ANGIOTENSIN! 


R. BoucHErR, P. BIRON,? AND J. GENEST 


Abstract 


A method is proposed for the isolation and measurement of blood angiotensin 
in humans. It involves immediate precipitation of 200 to 400 ml of blood with 
ethanol, ether extraction, purification by column chromatography on Dowex 
resin followed by paper chromatography, and detection by a pressor assay in a 
rat preparation. Recovery of added angiotensin has been quantitative; accuracy 
varied from 10 to 20%, and sensitivity was 5-10 millimicrograms/100 ml of 
biood, depending on the amount of blood drawn. 

The isolated material gave the same pressor response curve in the rat as 
standard valine-5 angiotensin II, aspartic B-amide; it had the same mobility in 
two different paper chromatographic systems and in one electrophoretic system. 
The material was indistinguishable from standard angiotensin either infused in- 
travenously in human subjects and subsequently recovered from their blood or 
added directly to the blood before processing. 

It is likely that this procedure may also serve to isolate arginine vasopressin. 


There is increasing evidence, both experimental and clinical, that the kidney 
plays a role in the production of arterial hypertension (1-5). Since the dis- 
covery of renin (6) and of angiotensin (7, 8), evaluation of the participation of 
the renal pressor system in human hypertension has been retarded by the lack 
of an adequate method for isolation and determination of blood angiotensin. 
This is particularly important in view of the demonstration (9-12), as first 
reported in October 1959, in our laboratory that angiotensin markedly and 
specifically increases urinary aldosterone excretion. In addition, increases in 
aldosterone secretion rate during angiotensin infusions have recently been 
reported by Laragh et a/. (13), thus confirming our preliminary results reported 
a year before. 

Skeggs and co-workers (14) first developed a clinically applicable method for 
estimation of blood angiotensin, based on direct ethanol precipitation, ether 
and butanol extraction, purification on alumina column, and finally pressor 
assay in the rat. This procedure shows only a 50% recovery. More recently, 
Paladini and co-workers (15) made important modifications to this method, 
mainly by using a Dowex resin 50W-X2 to fractionate the polypeptide plasma 
extracts. This method suffered from low sensitivity and specificity. In this 
paper, we describe a new procedure involving several modifications of the 
method of Paladini et al. and addition of a further purification by means of 

1Manuscript received December 9, 1960. 

Contribution from the Clinical Research Department, Hotel-Dieu Hospital, Montreal, 
Que. Presented at the Annual Meeting of the Canadian Federation of Biological Societies, 
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paper chromatography. This procedure has the advantages of quantitative 
recovery, high degree of sensitivity and specificity. 


Materials and Reagents 


Ethanol: Commercial Alcohols, Montreal. 

Dowex resin 50W-X2, 100-200 mesh: Baker’s Analyzed Reagent. Before 
use, 100 grams of resin is prepared by washing first with 4 liters of water, 
secondly with 2 liters of acetic acid 0.05 N until the pH of the eluent becomes the 
same as that of the acid, and thirdly with approximately 4 liters of water. 

Ether: Mallinckrodt, U.S.P. 

Acetic acid glacial: Baker’s Analyzed Reagent. 

Secondary butanol: Eastman. 

Isopropanol: Fisher Certified Reagent. 

Octanol: Eastman. 

n-Butanol: Fisher Certified Reagent. 

Pentapyrolidinium bitartrate (‘‘Ansolysen Retard’’); Poulenc Company, 
Montreal, 25 mg/ml. 

Bromothymol blue: Eastman Kodak. 

Phenol red indicator: Eastman. 

Angiotensin: Valine-5 angiotensin II, aspartic @-amide, synthetic, Ciba 
Company, preparation 19990-A. A solution of 1 wg per ml of water kept at 
—15° C was used as standard solution in all bio-assays. One millimicromole 
of this form of angiotensin is equal to 2.8 Goldblatt units.* This angiotensin is 
identical with that isolated from ox by Elliott and Peart (16) except that 
aspartic acid is replaced by asparagine in the synthetic material. 

Vasopressin: Human arginine vasopressin, isolated in a high degree of purity 
and obtained through the courtesy of Dr. Irving Schwartz, Brookhaven 
Laboratories, Upton, L.I. 

Whatman No. 2 paper: “Especially selected for chromatography’’, this paper 
was used for all paper chromatographic separations. Before use, this paper was 
washed in a Soxhlet apparatus for 72 hours with a mixture of ethanol: water:1 NV 
HCl, 500:495:5 v/v. 

Palmer manometer: Palmer, London. 

Microsyringe: Starrett Co., California Laboratory Equipment. 

pH Meter 22: Radiometer, Copenhagen. 

Chromatographic jars: 24X12 inches, lined with blotting paper and con- 
taining about 1 liter of the following solution: secondary butanol:isopropanol: 
water: phosphate buffer pH 8, 7:7:5:2 v/v (17). 

Polyethylene tubing, size PE 10: Intramedic, Clay-Adams Co., N.Y. 


Method 


(A) Extraction and Purification of Angiotensin Material (Fig. 1) 
Two to four hundred milliliters of arterial or venous blood is rapidly and 
*We are most grateful to Dr. Carl Schaffenburg, Montreal, for this datum. 














BOUCHER ET AL.: HUMAN BLOOD ANGIOTENSIN 


200-400! of BLOOD (arterial or venous) ETHER EXTRACTION DOWEX 50W-X 2 COLUMN (H*) 
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Fic. 1. Isolation of angiotensin in human blood. 


directly drawn into a heavy-wall glass flask containing 4 volumes of 95% 
ethanol in water under partial vacuum (approximately 60 mm Hg). The exact 
amount of blood is determined by weighing the bottle containing the ethanol 
before and after the blood collection. The mixture is filtered immediately 
through a Whatman No. 2 filter paper on a Buchner funnel and the precipitate 
is washed with a volume of 80% ethanol in water equal to 4 times that of the 
blood drawn. The alcoholic filtrate is acidified with glacial acetic acid, 1 ml 
per 100 grams of blood. Whenever necessary, the extract can be stored at 
—15° C at this or at any further step. Recovery of added angiotensin is 
unaffected when extracts are stored at this or at a later stage, for up to 1 month. 

The alcoholic filtrate is concentrated in a flash evaporator* to approximately 
100 ml with the addition of a few milliliters of octanol to prevent excessive foam 
formation. The concentrate is transferred into a separatory funnel and ex- 
tracted twice with 1.5 volumes of ether. The ether phase containing lipids, 
pigments, and other substances is discarded. The aqueous layer is concentrated 
in a small flash evaporator* to approximately 10 ml and adjusted to pH 6 with 
small amounts of 10% ammonium hydroxide solution using a glass electrode 
pH meter. After centrifugation in a 50-ml centrifuge tube, the supernatant is 
added directly to a column of Dowex 50W-X2 (H+), 1 cm in diameter K 10 cm 
high. The first eluent is 0.2 N ammonium acetate buffer (pH 6), 15 ml, 5 ml of 
which is used to wash the centrifuge tube and added to the column after 
recentrifugation; the second eluent is water, 15 ml. These two eluates are 
discarded. The angiotensin fraction is eluted with 25 ml of 0.1 N ammonium 
hydroxide solution into a flask containing a sufficient amount of concentrated 
acetic acid (usually 4 to 5 drops) to neutralize the eluate (yellow color of the 
*Manufactured by Laboratory Glass Instruments Corporation, New York. 
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indicator mixture: 2 drops of bromthymol blue 0.05% — phenol red 0.05%). 
The eluate is evaporated to dryness in a conical flask (Fig. 2) connected to a 
flash evaporator and then is dissolved in 0.3 ml of 80% ethanol in water. 








——-+ filter paper wick 
—- platinum wire 


— + paper to be eluted 


Fic. 2. Conical flask (100 ml) especially made from a round-bottom flask and con- 
nected to a female 19/38 glass joint which fits the flash evaporator. 


This solution is deposited on a straight line near one edge of a Whatman 
No. 2 paper strip, 15 cm wide. Three successive washings with a 0.4 ml of 
80% ethanol in water and three more with 50% ethanol in water are made. 
After 2 hours’ equilibration in the chromatographic jar, the paper chroma- 
togram is developed with a solution of secondary butanol :isopropanol : water: 
phosphate buffer, pH 8, in a ratio of 7:7:5:2 v/v (17) (Fig. 3). After 14 to 16 
hours at 75° F +1 during which the solvent front reaches 30 cm, the paper is 
allowed to dry and is cut into 2.5-cm strips at right angles to the direction of 
migration. For the measurement of angiotensin three strips are used: the one 
with an R, value of 0.55 and the two adjacent strips to this one. 

In cases where the liquid front on the paper chromatogram is difficult to 
outline, the migration of angiotensin is established by comparison with the 
“‘slowest’’ yellow spot due to the phenol red contained in the indicator mixture. 
The Rpnhenol rea Value is 0.72. Elution by descending capillary action in a small 
flask (Fig. 2) is carried out with 30 ml of a mixture of ethanol 95% in water: 
water:1 N HCl in aratio of 500:495:5 v/v.. The angiotensin-containing solution 
is then evaporated to dryness in a small conical tube connected with a flash 
evaporator. 


(B) Bio-assay 
The dry residues of the paper chromatographic eluates are dissolved in 
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0.4 ml of water and assayed for pressor activity in a rat preparation. Rats 
weighing 150 g+25 g are anesthetized with sodium pentobarbital (Abbott) 
(50 mg/kg, subcutaneously), injected with pentapyrolidinium bitartrate (25 
mg/kg, subcutaneously), vagotomized, and tracheotomized. A small glass 
cannula is introduced into the carotid artery and connected by a plastic tubing 
filled with isotonic saline to a mercury manometer registering on a kymograph. 
Injection of the eluate solution is done into the jugular vein cannulated with a 
5- to 10-cm polyethylene tubing, using microsyringes calibrated in units of 
0.0001 ml. This rat preparation shows, in most instances, a 5 to 15 mm Hg 
rise in mean arterial pressure in response to the injection of 5 millimicrograms 
of standard angiotensin. Less sensitive rat preparations are discarded. 


BLOOD PRESSURE RESPONSE IN RAT BIO- ASSAY 
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Fic. 3. Paper chromatography of “angiotensin fraction” (eluted from Dowex 50W- 
X2 column). When the line indicating the solvent front is not clearly made out, it is pre- 
ferable to cut the angiotensin spot 2 cm from each side of the exact Ry value. System used: 
sec-butanol:isopropanol:water: phosphate buffer (pH 8), 7:7:5:2 v/v; paper: Whatman 
No. 2; time: 14-16 hours. Before chromatography the ammonium acetate is removed by 
sublimation. 


The pressor effect of the unknown solution is assayed by the intrajugular 
injection of progressively increasing dosage, starting with 0.005-ml volumes up 
to 0.1 ml or until a pressor response of 5 to 15 mm Hg is reached. 

For an approximate measurement of pressor material in an unknown solution, 
the responses to graded injections of standard angiotensin. are compared with 
those of the unknown, in an alternate fashion. The maximum error on single 
measurements is approximately 20%, and can be reduced to 10-15% by re- 
peated injections of both unknown solutions and standards. 











586 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 39, 1961 


Results 


In addition to the material found at the same Ry; value as the standard 
angiotensin, three other pressor-active zones are found (Fig. 3). The presence 
of a pressor material is often detected in the strip having an Ry; value of 0.35. 
This substance is probably arginine vasopressin since a standard human 
arginine vasopressin has the same mobility and gives the same prolonged 
contour of pressor response curve in the rat. Another pressor substance is also 
found in strip 2, with an R; value of 0.17. In addition, one (or more) depressor 
component is often found in strips 2, 3, and 4 as shown in Fig. 3. The form of 
this depressor curve is identical with that frequently produced by the eluates 
from the Dowex column if the residues dissolved in water are directly bio- 
assayed before paper chromatography (Fig. 4). 





STANDARD VAL-5 ANGIOTENSIN II MATERIAL ISOLATED 
(ASPARTIC 6-AMIDE) FROM PATIENT 
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Fic. 4. Comparison of the blood pressure response curve of the rat in response to 
different doses of valine-5 angiotensin II (aspartic B-amide) and of the ‘angiotensin 
material” isolated by our procedure from a patient with benign essential hypertension. 
The photographs of the direct recordings show identical blood pressure response curves. 


Tyramine, epinephrine, and norepinephrine added to blood before processing 
are not recovered by this method, on the paper chromatogram. Isoleucine-5 
angiotensin II (from equine source) has, fn the paper chromatographic system 
used, an R; value of 0.45. 

Recovery Experiments 
Thirteen recovery experiments were done with angiotensin added in amounts 





~~ ws 
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varying from 0.1 to 1 microgram to one of two equal aliquots of blood taken 
from the same normotensive subject or patient. The two blood aliquots were 
processed simultaneously and the recovery of the added angiotensin was 
measured by the pressor activity of the eluate from the strips of the paper 
chromatogram having an Ry value of 0.55 in comparison to standard angio- 
tensin. Results are illustrated in Table I. The recoveries can be said to be 
quantitative, being between 90 and 105% of the amount added. 


TABLE I 
Recovery experiments 








Amount of angiotensin 





No. of added to blood sample Recovery 

experiments (ug) (%) 
1 1 98 

2 1 105 

3 1 92 

4 1 90 

5 1 95 

6 0.5 100 

7 0.5 98 

8 0.5 100 

9 0.5 95 

10 0.5 100 
11 0.1 95 
12 0.1 90 
13 0.1 100 


Mean recovery 96 





Specificity 

Although a direct identification of the pressor material by chemical or 
physicochemical means is impossible because of the infinitesimal amount 
present in blood, we believe that the substance isolated by this procedure from 
some patients with arterial hypertension is valine-5 angiotensin II, aspartic 
8-amide, or a substance very closely related to it. This inference is based on 
the following findings (Tables II and III): (a) The isolated material and the 
standard angiotensin have the same Ry, value of 0.55 in the paper chromato- 
graphic system used. In a different paper chromatographic system, consisting 
of n-butanol:water:acetic acid, 4:5:1 v/v, the material isolated from three 
patients with severe hypertension (two of the essential or primary variety 
and the third, secondary to acute glomerulonephritis) showed the same 
chromatographic mobility as the standard angiotensin. (b) The isolated 
material gives in the rat assay a blood pressure response curve (Fig. 4) identical 
with that of the standard angiotensin. (c) Standard angiotensin infused into 
normal subjects was recovered from their blood and was found to have the 
same mobility on the paper chromatographic system used and to give the same 
pressor response curve as the material isolated from the hypertensive patients. 
(d) In one patient with hypertension secondary to acute glomerulonephritis, 
the isolated material showed the same migration rate in a paper electrophoretic 
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TABLE II 


Similarities between ‘‘angiotensin”’ isolated from human plasma 
and standard valine-5 angiotensin II 








1. Identical Ry values in paper chromatographic systems: 
(a) sec-Butanol:isopropanol: water: phosphate buffer, pH 8=7:7:5:2 (Ry 0.55) 
(b) Butanol:acetic acid: water =4:1:5 (Ry 0.35) 
2. Identical migration in paper electrophoresis 
conditions: pH 6.2, ammonium acetate buffer, 5 volts/cm, 5 hours 
3. Identical pressor response curve in the rat bio-assay 
4. Quantitative recovery of added angiotensin to blood with the same characteristics as 
mentioned in 1, 2, and 3. 
5. The angiotensin isolated from blood during infusion of this substance shows the same 
characteristics as the material isolated from hypertensive patients (see above 1, 2, and 3). 





TABLE III 








Paper chromatography 
(Ry values) 





Paper electrophoresis 





Sample migration (mm) (1) (2) 
Valine-5 angiotensin II —16 0.55 0.35 
(aspartic B-amide) 
Blood angiotensin material —16 0.55 0.35 





NOTE: (1) sec-Butanol/isopropanol/water/phosphate buffer, 7:7:5:2 v/v. (2) Butanol/water/acetic acid, 4:5:1 v/v. 


system (Whatman No. 1 paper, ammonium acetate buffer 0.25 M, pH 6.2, 
voltage of 5 volts/cm, 5 hours) as that of the standard angiotensin. 

Our criteria for specificity fit closely, though not entirely, those proposed by 
Peart (18). The isolated material is indistinguishable from standard valine-5 
angiotensin II either infused intravenously in human subjects and subsequently 
recovered from their blood, or added directly to the blood before processing. 
Sensitivity 

The sensitivity of the procedure is dependent first, on the amount of the 
blood collected and, second, on the bio-assay itself. The latter can easily detect 
5 millimicrograms. This means that, when one fourth of the angiotensin 
material isolated from a 200-ml blood sample causes a pressor response in the 
test system, one detects the angiotensin contained in 50 ml of blood; therefore, 
the sensitivity is of the order of 10 millimicrograms per 100 ml of blood. This 
limit can be reduced to 5 millimicrograms per 100 ml by withdrawing 400 ml of 
blood and injecting one fourth of the angiotensin material. 


Precision 

The precision of the method is limited by the bio-assay. The more pressor 
material found in the eluate of the ‘‘angiotensin strip”, the more consistent is 
the determination since injections of the unknown alternated with those of 
standard angiotensin. The precision in assay of 100 to 1000 millimicrograms 
is of the order of 20% if only one or two comparisons can be made in the rat 
assayed with the standard angiotensin; the variation can be reduced to 10-15% 
by repeated injections. 
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Discussion 


The presence of several pressor components on the paper chromatogram 
demonstrates the non-specificity of an assay in which the eluate from the Dowex 
resin column (with the use of different eluting solvents) is directly submitted to 
bio-assay (15). When this latter procedure was studied, eluates from the 
column were found to give most often a depressor response immediately 
followed by a pressor curve, the contour of which is different from that given 
by the standard angiotensin as shown in Fig. 5. It was found possible to sepa- 
rate both the pressor and depressor components by the same electrophoretic 
system described above (see paragraph on Specificity). It has not been possible 
as yet to identify the depressor component (or components). This fraction is of 
great interest in view of the evidence obtained by Grollman (19) that the 
kidney has an antihypertensive action, possibly by secreting a pressure-lowering 
substance. 


FREQUENT TYPES OF RESPONSE CURVES 
STD. ANGIOTENSIN 


420+ SEPARATION OF DEPRESSOR FROM 
af *e rd i , f a PRESSOR COMPONENT BY: 
-20 PAPER ELECTROPHORESIS 

#207 nd Whatmon 

a “ee: 0+ JN —| 
-20+ 
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Fic. 5. Bio-assay of “angiotensin fraction’ (eluted from Dowex column) in a 

vagatomized, anesthetized, pentalinium-treated rat. The frequent types of blood pressure 
response curves given by the “angiotensin fraction” obtained directly after fractionation 
on a Dowex column show the unspecificity of an assay using the fraction without further 
separation. 


Amaonun ocetete buffer 0.25M 
pHG.2 5V/cm- 5 lv 


It is quite unlikely that the withdrawal of 200 to 400 ml of arterial or venous 
blood would induce a sufficiently rapid liberation of renin to affect the blood 
taken. The withdrawal was never accompanied by a significant decrease in 
arterial pressure in any of the patients studied. 

Utmost care must be given to all transfers from one container to another, 
with particular attention given to repeated washings (4 to 5 times) for preven- 
tion of losses. 

There are also distinct possibilities that the present procedure will permit 
the isolation of arginine vasopressin. One of the fractions separated on the 
chromatogram had the same mobility as the standard human arginine vaso- 
pressin and it gave the same prolonged pressor response curve in the rat. How- 
ever, more work is needed to establish the specificity of this procedure for the 
isolation of arginine vasopressin and a more sensitive bio-assay is needed for 
the measurement of antidiuretic activity (20). : 

Bilateral nephrectomy performed in rats 24 hours before bio-assay did not 
produce a consistent or significant increase in sensitivity to the pressor effect 
of angiotensin, thus confirming a previous report of Schroeder et al. (21). 
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Addendum 


Since the submission of this manuscript, the following information can be 
added: (1) Glassware should be utilized throughout the procedure since there 
are indications that angiotensin is partly adsorbed on polyethylene. (2) re 
Table II: Other criteria of similarity between the “angiotensin material’’ 
isolated and the standard compound are: (a) its inactivation by trypsin; 
(6) the angiotensin isolated following incubation of normal human serum with 
a renin preparation (following the procedure of Braun-Menéndez et al. (1)) of 
the right kidney removed from a patient’ with malignant hypertension shows 
the same characteristics as the material isolated from hypertensive patients. 
This patient had a syndrome similar to that of primary aldosteronism and 
caused by a complete occlusion of the right renal artery. 

















EXCRETION OF 4-AMINO-5-IMIDAZOLECARBOXAMIDE 
IN HUMAN URINE! 


Patrick L. McGeEeEr, Epita G. MCGEER, AND MarcGot C. GRIFFIN 


Abstract 


A simple colorimetric method for the determination of urinary 4-amino-5- 
imidazolecarboxamide (AIC), a key by-product in purine biosynthesis, has been 
developed. Data on urine specimens from 69 healthy individuals showed that 
excretion of this compound averaged 0.98 mg/day. Repeated measurements on 
the same individuals showed that AIC is roughly comparable to creatinine in the 
constancy of its excretion. There is a highly significant correlation between AIC 
and creatinine levels in normal human urine. Only a small portion of ingested 
AIC was recovered in the urine, a result in accord with previous data from the 
literature suggesting that AIC readily enters body substrate pools. 


Introduction 


4-Amino-5-imidazolecarboxamide (AIC) was first isolated by Stetten and 
Fox (1) from sulphonamide-inhibited bacterial cultures. Its structure was 
later determined by Shive et al. (2). Subsequently, the fundamental route of 
purine biosynthesis was worked out and the central role of the ribotide of AIC 
was determined (3). AIC ribotide, which is derived in a series of steps from 
glycine, is converted to 4-formamido-5-imidazolecarboxamide ribotide, and 
thence to the purine, inosinic acid (Fig. 1). Since folic acid is the carrier for the 
formyl] residue, synthesis is blocked at AIC ribotide in the absence of usable 
folic acid. This is the situation in sulphonamide-inhibited bacterial systems 
where the sulpha drugs, by acting as antimetabolites for p-aminobenzoic acid, 
prevent the synthesis of folic acid. Thus, a study of AIC has not only helped in 
working out the route of purine biosynthesis, but has also helped to explain the 
mechanism of action of sulpha drugs. Further study of this key compound 
may well provide clues concerning the state of purine biosynthesis in the human 
body under normal and pathological conditions. 

The occurrence of AIC in human urine was first reported by Vilenkina (4). 
Braunstein and Vilenkina (5) later gave some values for its excretion levels 
based on a chromatographic method of analysis. AIC was independently noted 
in our laboratory on chromatograms of human urine extracts (6). This report 
describes a simple and reliable analysis for AIC in urine and furnishes further 
data on excretion by normal humans. 


Method of Analysis 


The AIC is extracted with a butanol—pyridine mixture under alkaline 
conditions. Acidification of the extract returns the AIC to an aqueous phase 

1Manuscript received October 11, 1960. 
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Fic. 1. Biosynthesis of purines. 


which is then analyzed by the Bratton—Marshall colorimetric procedure for 
non-acetylatable amines (7). Preliminary extraction of the urine with ethyl 
acetate removes many interfering substances. 


Details of the Method 


Approximately 125 ml of salt-saturated urine, acidified to about pH 2, is 
extracted with ethyl acetate (5X40 ml). Fifty milliliters of the aqueous 
residue is made alkaline to pH paper with a 1:4 mixture of concentrated ammo- 
nium hydroxide and pyridine and then extracted with a 100:5 n-butanol — 
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pyridine mixture (5 X26 ml), and the butanol—pyridine extracts are combined. 
The organic layer is acidified by adding concentrated sulphuric acid dropwise. 
An aqueous layer, which contains the AIC, separates. The butanol layer is 
washed 5 times with small portions of 0.2 N H:SO, and the washings are added 
to the aqueous phase. A final aqueous volume of 20 to 25 ml is obtained. 

Two-milliliter aliquots of the extract are analyzed by the Bratton—Marshall 
procedure as follows: two drops of acetic anhydride is added with vigorous 
shaking to 2 ml of the final extract in a 50-ml Erlenmeyer flask and the mixture 
is allowed to stand for 20 minutes. Three milliliters of 0.2 N H2SO, is next 
added, followed by 0.5 ml of 0.1% sodium nitrite. Exactly 2 minutes later, 
0.5 ml of 0.5% ammonium sulphamate is added, followed immediately by 
0.5 ml of 0.1% N-(1-naphthyl)-ethylenediamine. A mauve color develops 
which is read after 20 minutes at 540 my in a Beckman DU spectrophotometer 
against a blank which is exactly comparable except that the N-(1-naphthyl)- 
ethylenediamine is omitted. Values are obtained by comparison with similar 
analysis of a standard solution of AIC which is read against a water blank. 
Beer’s law is obeyed over the range 0-15 yg which is far greater than that 
encountered in the urine extracts. It is important to set up a strict timetable 
for the Bratton—Marshall procedure since the reactive intermediates are 
unstable. Time differences of a minute in either the addition of sulphamate or 
N-(1-naphthyl)-ethylenediamine can influence the values obtained by as much 
as 5-10%. The times given are those found to give maximal color response. 
The final color is stable for at least an hour. Vigorous shaking is necessary after 
the addition of each reagent and a small Erlenmeyer flask is preferable to a 
test tube for the analysis. 

Indican interferes to a minor extent with the analysis. Indican can be 
removed by Dowex 2 resin, but it is more convenient to measure the indican 
content of the-final aqueous extract by the Sharlit procedure (8), in which AIC 
does not interfere, and apply a correction factor determined from a standard 
curve for indican in the Bratton—Marshall procedure. 

It is desirable to run a parallel analysis for recovery of AIC as a check on 
the procedure and on occasional urine samples where quantitative recoveries 
are not obtained. To 50 ml of the ethyl-acetate-extracted urine, 25 ug of AIC 
standard is added and the analysis is repeated as described. 


Comments on the Method 


The precision of the procedure is excellent as indicated by a high reproduci- 
bility in repeated analyses of a given urine by one operator and duplicate 
analyses by different operators. Proof of the accuracy of the method necessi- 
tated establishing three essential points: 

(i) stability of AIC on standing in urine and throughout the analytical 
procedure; 
(ii) good recovery of AIC from urine by the procedure; 
(iii) absence of materials which would interfere with the analysis. 
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(i) Stability of AIC 

Repeated analyses of acidic and alkaline standard solutions of AIC indicated 
no change over a period of several weeks. Repeated analyses of acidified urine 
specimens indicated no appreciable loss of AIC in periods up to 3 weeks, 
although losses of up to 50% occurred under alkaline conditions. AIC thus 
appears to be sufficiently stable to permit routine handling of acidified urine 
prior to analysis. 


(it) Recovery of AIC 

Braunstein and Vilenkina (5) made urine alkaline with ammonium hydroxide 
and extracted the AIC with m-butanol, but recoveries were as low as 40-50%. 
Various procedures were tried by us to find a method of quantitatively ex- 
tracting AIC from urine into an organic phase. Trial of standard ammoniacal 
salt-saturated solutions of AIC extracted with various solvents indicated 
n-butanol was the best of those tried but the extraction was not quantitative 
(Table I). Since AIC is an aromatic base, it was thought that the presence of 


TABLE I 


Effect of various bases and solvents on extraction of AIC 
from aqueous solutions containing 0.4-1 wg AIC/ml 














Solution made - Extracting % of AIC 
to pH 9-10 with: solvent* extracted 
NH,OH Ether or ethyl acetate 0 
NH,OH Benzene 25 
NH,OH n-BuOH/ethylene 44 
dichloride (1:1) 
NH,OH n-BuOH 45 
NH,OH/pyridine (1:1) |-BuOH/pyridine (100:5) 96 
Pyridine n-BuOH/pyridine (100:5) 91 
Pyridine n-BuOH 87 
KOH n-BuOH 38 
*Five extractions with approximately half volumes of organic solvent done in 
each case. 


another aromatic base such as pyridine might facilitate the extraction of AIC 
into an organic solvent. This was repeatedly shown to be the case by com- 
parative extractions of standard aqueous solutions of AIC made alkaline with 
various bases (Table I). The presence of pyridine made possible nearly quanti- 
tative extraction of AIC into n-butanol. The beneficial effects of pyridine were 
also demonstrated by measuring the percentage of added AIC-2-C'** extracted 
from urine under various conditions (Fig. 2). The results confirm the data in 
Table I indicating that pyridine is necessary for good extraction of AIC into 
butanol. Without pyridine (A), only 64.7% of the AIC-2-C"™ was extracted, 
while with pyridine (B and C), 87 and 92% were extracted. Salt saturation is 
not necessary for good extraction of the AIC but lessens the amount of impuri- 
ties such as indican carried into the organic layer. 

*Obtained from Isotopes Specialties Co., Burbank, California. 
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Fic. 2. Extraction of radioactive AIC-2-C™ from urine under various conditions; 
35 ml of ethyl-acetate-extracted urine containing approximately 1 ug/ml of AIC-2-C* 
at pH 9-10 and 100 ml of extracting solvent used in each case; 0.1-ml aliquots of the 
initial solution and of the aqueous residues after each extraction were counted in a Packard 
Tricarb liquid scintillation spectrometer using a toluene/ethanol (10 ml:4 ml) mixture 
with PPO and POPOP as scintillators. Counting efficiencies were checked by using 
solutions of C™-cholesterol in toluene and AIC-2-C™ in ethanol of known activities as 
internal standards. 

(A) Salt-saturated, made alkaline with NH,OH, extracted with n-BuOH, final extract 
contained 25 ug/ml of indican. 

(B) Salt-saturated, made alkaline with NH,OH/pyridine (1:1), extracted with 
n-BuOH /pyridine (100:5), final extract contained 2 ug/ml of indican. 

(C) As (B) except not salt-saturated, final extract contained 23 ug/ml of indican. 


In another experiment, 3.1 “g/ml of radioactive AIC was added to a portion 
of ethyl-acetate-extracted urine which was then extracted in the usual fashion 
in parallel with the control urine. Bratton—Marshall analyses on the extracts 
indicated a recovery of 85%. Radioactive counts on the urine and on the final 
aqueous extract indicated a recovery of 89%, which was in good agreement 
with that shown by the colorimetric analyses. 

For each of the analyses reported here, a parallel analysis of urine and urine 
plus a known amount of added standard AIC was done. In 174 such parallel 
analyses, recovery of added AIC (0.2-1.2 ug/ml) averaged 99%. Recoveries 
of 90-110% were considered acceptable. Analyses giving values outside of this 
range were repeated. In 18 of the 174 urines a reproducible recovery lower than 
90% was obtained. The average of such low recoveries was 85.5% (range 
77-89%). The reproducibly low recovery suggests the possibility of complex 
formation between AIC and some substance in the urine of these unusual cases. 
A correction factor was applied to the experimentally obtained values in such 
instances. 
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Recovery of AIC added to urines before and after the ethyl acetate extrac- 
tion was the same in a number of experiments. Furthermore, ethyl acetate 
extraction of standard aqueous solutions of AIC did not affect the concentra- 
tion. Since it was more convenient to add the AIC for recovery after the ethyl 
acetate extraction, this was adopted as the standard procedure. 


(iii) Interfering Substances 

The reagents used for extracting the AIC, i.e. n-butanol and pyridine, do 
not interfere in the Bratton—Marshall procedure. One-milliliter aliquots of 
standard solutions of AIC with up to 2 ml of added pyridine, butanol, or a 
pyridine—butanol mixture gave readings identical with those of the control 
solutions. Impurities are sometimes found in commercial butanol and pyridine 
which affect the analysis so these materials were routinely redistilled before 
use. Extraction of salt-saturated water by the procedure described gave a 
“blank” extract which yielded negligible color in the Bratton—Marshall pro- 
cedure. High concentrations of chlorides markedly affect the Bratton—Marshall 
analysis but these are not extracted from the salt-saturated urine, and the 
sulphates present in the final extracts do not interfere. The urine extracts do, 
however, contain some of the chromophores from urine and are therefore yellow. 
On addition of the nitrous acid, with or without sulphamate, the yellow color 
deepens giving a measurable absorbance at 540 mu. Such deepening does not 
occur when sulphamate and (or) N-(1-naphthyl)-ethylenediamine are added 
to the extract without treatment with nitrous acid. These experiments dictated 
choice of the indicated blank. Water plus the Bratton—Marshall reagents gave 
a transmittance of 100% so the standard solutions were read against water. 

A number of Bratton—Marshall positive spots have been found in chromato- 
grams of carbon—phenol extracts of human urine (6), and these might poten- 
tially interfere with the analysis. Many are acids which are extracted into 
ethyl acetate under acidic conditions; others are too polar to be extracted into 
n-butanol. A number of known nitrogenous urinary constituents such as urea, 
creatinine, and some aminopurines and pyrimidines have been shown to be 
negative to the Bratton—Marshall reagent (14). AIC riboside reacts equimolec- 
ularly with AIC in the Bratton—Marshall reaction and amounts added to 
urine are quantitatively recovered in the analytical procedure described. How- 
ever, we have been unable to detect AIC riboside in human urine. Several pools 
of the final aqueous AIC extracts from individual urine samples were chroma- 
tographed bidimensionally and sprayed with the Bratton—Marshall reagent as 
previously described (6). In each case where this was done a large magenta 
spot appeared in a position corresponding to that occupied by synthetic AIC 
run in parallel. On parallel chromatograms sprayed with diazotized sulphanilic 
acid, an intense blue spot like that found for synthetic AIC appeared. In some 
cases a faint, slowly developing spot corresponding to indican appeared on the 
chromatograms sprayed with the Bratton—Marshall reagent but no other spots 
were seen. These experiments do not, however, rule out the constant presence 
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of very small amounts, or the occasional presence of significant amounts, of 
interfering substances. 

However, as far as is known, indican is the only substance which regularly 
interferes with the method described. Indican develops a color only about 1% 
as intense as AIC with the Bratton—Marshall reagent and over 80% of the 
indican in any given urine sample is left behind in the extraction procedure. 
The contribution of indican to the final result in 84 analyses averaged 3.1% 
and ranged from 0 to 18%. Indican can readily be removed from urine or the 
final aqueous extract by Dowex 2 resin. In one experiment, 15 mg of indican 
was quantitatively removed from ethyl-acetate-extracted urine by shaking for 
10 minutes with 0.6 g of Dowex 2 resin in the hydroxyl form. This resin was 
shown not to absorb AIC. In most of the analyses reported here, indican was 
measured in the final extract by the Sharlit procedure (8) and a correction was 
applied. Both the Dowex 2 and the correction method were applied to a urine 
loaded with 20 times the normal amount of indican and gave concordant results. 

Although the Bratton—Marshall procedure theoretically measures only non- 
acetylatable amines, in two cases where exceptionally high apparent values for 
AIC were obtained, the high values proved to be due to interference by acetyl- 
atable amines. The individual supplying the urine sample was taking 6 g/day 
of sulpha drugs in one case, and 12 g/day of p-aminosalicylic acid in the other. 
The apparent high values in these two cases decreased as the amount of 
acetic anhydride used in the Bratton—Marshall procedure was increased up to 
0.25-0.3 ml. The values measured were then in the normal range for AIC and 
no further decrease was observed with larger amounts of acetic anhydride. 
Despite such difficulties of occasional incomplete acetylation of unusually large 
amounts of acetylatable amines, the amount of acetic anhydride used in the 
standard procedure was limited to 0.05 ml since larger amounts gave less 
reproducible results with the standard. However, extracts showing unusually 
high values were all repeated using larger amounts of acetic anhydride as a 
check, and in no cases were other interfering substances noted. 


Results 


AIC levels were measured in 24-hour urine specimens from a group of 69 
normal healthy humans ranging in age from 3 to 80; 15 of these were members 
of the U.B.C. rowing squad in training for the Olympic Games and therefore 
comprised a group of unusually athletic individuals engaged in strenuous activ- 
ity. Creatinine levels were determined in all urines by Taussky’s modification 
of Jaffe’s reaction (9). In many individuals, repeated specimens, collected at 
intervals over a several months’ period, were examined to test the normal 
variation in AIC excretion. In these individuals the excretion of AIC was 
remarkably constant from day to day (Table II), showing a coefficient of 
variation comparable to that of creatinine (16% vs. 19%). 

Average figures for the excretion of AIC and creatinine by each individual 
were used to calculate mean excretions for the various groups classified accord- 
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TABLE II 
Variation in day to day AIC excretion 











AIC/day in mg Creatinine/day in g 
Wt., No. mean +S.D. (C.V.), mean +S.D. (C.V.), 
Sex Age kg samples % % 
9 30 54 5 0.58+0.03 (6) 1.14+0.27 (24) 
fot 32 77 7 1.06+0.26 (24) 1.89+0.52 (28) 
rofl 42 68 + 0.71+0.05 (7) 1.39+0.43 (31) 
9 27 57 4 0.70+0.05 (7) 1.20+0.20 (17) 
9 36 57-67* 3 0.71+0.03 (4) 0.98+0.22 (22) 
9 37 68 - 1.16+0.31 (27)T 1.35+0.18 (13) 
fot 25 85 4 1.71+0.63 (37)T 2.75+0.24 (9) 
fot 22 89 4 1.59+0.31 (19)f 2.71+0.26 (10) 
rou 23 90 3 1.42+0.18 (13)T 2.68 +0. 36 (13) 
Average coefficient of variation 16 19 





*Including one specimen collected while the subject was 7 months’ pregnant. 
tIincluding specimens taken under varying conditions of exercise and diet (see Table V). 


ing to age and sex (Table III). The excretion of AIC per day ranged from 0.3 to 
2.52 mg (average 0.98 mg/day), with the lowest values being found in children 
and the highest in the group of young athletes. The AIC index (excretion in 
micrograms per kilogram body weight per day) ranged from 5.5 to 34 with a 
tendency towards high values in the young and thin and low values in obese 
individuals. The correlation between AIC excretion per day and body weight 
(r = 0.59) and that between creatinine excretion per day and body weight 
(r = 0.80) were both highly significant (P<0.001 in each case). The rate of 
change of AIC excretion with body weight was not as great as the rate of 
change of creatinine excretion with body weight (slope of 0.013 as compared 
with 0.027). 

Because creatinine is accepted as being extremely constant in its excretion 
and is consequently commonly used as a standard of measurement, the AIC to 
creatinine ratio was examined. The AIC excretion in micrograms per milligram 
of creatinine ranged from 0.27 to 2.98 and averaged 0.82. The correlation 
between AIC and creatinine levels in the normal urines was highly significant 
(r = 0.71, P<0.001). 

Uric acid excretion was measured by the direct colorimetric method of 
Benedict and Franke (10) in 56 of the normal urine samples. The uric acid 
index averaged 6.4 mg/kg body weight/day and ranged from 1.7 to 13.4; the 
coefficient of variation was 47%. For this same group of 56 urines, the coeffi- 
cient of variation of the AIC index was 29% (mean = 19.6 ug/kg body weight/ 
day). The coefficient of variation of the creatinine index was 28% (mean = 
26.4 mg/kg body weight/day). The AlC/uric acid ratio averaged 3.6+1.9 
pg/mg, the high coefficient of variation (53%) indicating poor correlation 
between these two measures of purine metabolism. Uric acid excretion is known 
tc reflect the purine content of the diet. The fact that AIC excretion in a given 
individual and in a group of individuals is comparable in constancy to that of 
creatinine suggests that AIC excretion may be insensitive both to dietary 
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conditions and physical activity. Three of the laboratory staff who had 
repeatedly provided samples while on an average diet went on a purine-low 
diet for 3 days and collected a 24-hour specimen on the third day. No signi- 
ficant effect on AIC excretion was noted in any of these three individuals 
(Table IV). 


TABLE IV 
Effect of 48-hour purine-low diet on AIC excretion 

















Means +S.D. 
AIC, Creatinine, AIC/creatinine, 
mg/day g/day mg/g 

9, age 37 Normal diet 1.16+0.31 1.35+0.18 0.85+0.21 
Purine-low 1.30 1.28 1.01 

9, age 27 Normal diet 0.70+0.05 1.20+0.20 0.60+0.14 
Purine-low 0.68 1,20 0.56 

o', age 32 Normal diet 1.06+0.26 1.89+0.52 0.59+0.21 
Purine-low 0.90 1.5 0.60 





In a further effort to establish the effect of variations in diet and exercise on 
AIC excretion, specimens were collected from members of the U.B.C. rowing 
squad in periods of mild exercise on a “normal’’ diet, severe training on a 
“‘normal’’ diet, and severe training on the second day of a purine-low diet. 
The “normal” diet of this group of young males contained a very large amount 
of meat (ca. 500 g/day). The data again indicated that such variations in diet 
and exercise had no significant effect on AIC excretion (Table V). The data on 
uric acid excretion, however, suggest that the limited time on a purine-low diet 
did not markedly affect the purine pool. 


TABLE V 
Effect of variations in exercise and diet on AIC excretion by a group of athletic young men* 














Means +S.D. 
Exercise Diet No. AIC index Creatinine index Uric acid index 
Mild Normal 12 19.3+6.2 28.0+4.0 9.64:1.7 
Severe Normal 10 17.8+4.4 30.0+4.3 3.6+1.4 
Severe Normal 9 19.8+4.6 27.94+2.6 5.8+1.3 
Severe Purine-low 6 21.6+2.6 30.6+4.0 4.7+1.6 
Over-all 37 19.4+4.9 29.0+4.6 6.4+3.0 





*The number and composition of the group varied from sample to sample because of eliminations and additions 
to the squad. The data are expressed in terms of indices to minimize the effect of such changes and the data on 
the four individuals who contributed each time are in good accord with the group data tabulated. 


The effect of 20 mg oral supplements of AIC and AIC riboside on the urinary 
excretion by an individual of AIC or its riboside was also studied. The results 
(Fig. 3) indicate that only about 10 to 15% of the ingested AIC was recovered, 
and 8 to 12% of the AIC riboside, with most of this appearing in the first 24 
hours after the load. 
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Fic. 3. Excretion of AIC and its riboside after ingestion of AIC or AIC riboside; 
20 mg was taken orally in each case at 4 p.m. with 1 week between the experiments. 


AIC and creatinine levels were also measured in urines from 71 mental 
patients. The mean excretion levels in the group of mental patients were not 
significantly different from the normals (Table VI) but the range was greater, 
being 0.07—2.52 mg of AlC/day or 1.2-37.0 ug/kg body weight/day. Further 
analysis of these data on the mental patients is planned in an attempt to assess 
the possible significance of the extremely low and extremely high AIC levels 
noted in some cases. 


Discussion 


Braunstein and Vilenkina (5) measured the daily AIC excretion in the urines 
of 10 healthy adult humans (average age 49) and three children. Their data 
indicated that the excretion of AIC by adults ranged from 0.6 to 1.5 mg/day 
(average 1.0), or from 9 to 20 ug/kg body weight/day (average 14.8). In the 
two very young infants (3 and 6 weeks old), the excretion of AIC per unit of 
body weight was higher (80 and 110 ug/kg body weight/day). The average 
excretion for healthy adults found in our study to be 1.08 mg/day (15.0 ug/kg 
body weight/day) is in good agreement with the average reported by Braunstein 
and Vilenkina; our data show a wider range of 5.5 to 34 wg/kg body weight/day, 
probably reflecting the greater number of samples. Although we had no samples 
from children as young as those studied by Braunstein and Vilenkina, our data 
do show some tendency towards higher AIC indices in the preadolescent group. 
AIC excretion is remarkably constant from day to day for most individuals, 
comparing with creatinine in this respect. 

The accumulated information on purine synthesis and metabolism suggests 
that AIC in the animal organism would arise from enzymic cleavage of AIC 
ribotide, which is an intermediate link in the biosynthesis of inosinic acid, 





a, i 














McGEER ET AL.: AIC IN HUMAN URINE 603 


and perhaps, though the evidence is more tenuous, from the breakdown of 
purine nucleotides (11). The level of AIC excretion may, therefore, reflect 
something of the level of purine synthesis in the body. Wyngaarden et al. (12) 
administered AIC-4-C™ or AIC-4-C'8 intravenously to volunteers and found 
that it was rapidly converted to purines and to uric acid in man. Seegmiller 
et al. (13) administered up to 14 mg/kg of AIC-4-C" orally and recovered only 
about 20% as AIC in the urine, most within 8 hours of administration. Another 
20% of the radioactivity was recovered as urinary uric acid within 2 days, but 
some 55-60% of the radioactivity was unaccounted for and was presumed to go 
into body purines. These results, suggesting that exogenous AIC readily enters 
pools of substrates involved in active purine synthesis, are in accord with our 
data showing that only 10-15% of orally administered AIC was recovered. 
Approximately the same proportion (8-12%) of an oral dose of AIC riboside 
was recovered. 
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CHROMATOGRAPHIC CHARACTERISTICS OF SOME 
AROMATIC COMPOUNDS OF BIOLOGICAL INTEREST' 


E. G. McGEerEr, M. C. ROBERTSON, AND P. L. MCGEER 


Abstract 


Paper chromatographic data are reported on 220 aromatic compounds of 
biological interest, including phenolic acids, indoles, imidazoles, purines, pyrimi- 
dines, and some miscellaneous substances. Ry data in four solvent systems and 
color reactions with 12 spray reagents are tabulated. Some correlations between 
structure of these compounds, relative Ry, and color with various spray reagents 
are noted. 


Introduction 


Some previous publications from this laboratory (1, 2, 3) have been con- 
cerned with the chromatographic characteristics of ‘‘aromatic’’ constituents 
of human urine. Methods of separation and techniques for chromatographic 
characterization of over 200 such constituents have been described (3). As 
part of this continuing investigation, chromatographic data have been obtained 
for a large number of compounds including many phenolic acids, indoles, 
imidazoles, purines, pyrimidines, and some miscellaneous materials. A num- 
ber of these compounds may be constituents of human urine, and others are 
of established research interest for various reasons. This paper presents 
accumulated chromatographic data on these chemicals along with some 
observations regarding the effects of structure on the R;(s) in a number of 
solvent systems and on the color reactions with various spray reagents. 


Methods 


The chemicals were obtained from a variety of commercial sources and 
were used without further purification. Each material was chromatographed uni- 
dimensionally in isopropanol/ammonia/water (i-PrOH/NH,OH/H.O) (8:1:1), 
n-butanol/acetic acid/water (m-BuOH/AcOH/H,0) (4:1:1), methanol/n-butanol/ 
benzene/water (MeOH/n-BuOH/C,H¢/H2O) (2:1:1:1), and isobutyric acid/ 
ammonium hydroxide (i-PrCOOH/0.5 N NH,OH) (10:6); other solvent 
systems were also used in special instances. Each compound was also 
cochromatographed bidimensionally with an extract of urine containing many 
“aromatic” constituents. R,; data for each substance run by itself and with 
this complex mixture are reported; each Ry given is the average of at least 
three runs on Whatman No. 1 paper on different days. Color reactions under 
ultraviolet light and with the various spray reagents recorded in the table are 
those appearing after chromatograms were run first in i-PrOH/NH,OH/H,0 

'1Manuscript received September 14, 1960. 
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(8:1:1) then in »-BuOH/AcOH/H,O (4:1:1). Data are reported only for those 
materials which gave a well-defined chromatographic spot. Substances which 
were obviously impure initially or which showed evidence of decomposition on 
paper were excluded. 

Twenty micrograms of material was used for each chromatogram. This was 
found to give a reasonably sized, fully defined spot with most sprays but by no 
means represents the limit of sensitivity. 

Twenty-two sprays were used. Ten of these were used as described previously 
(3); these were diazotized sulphanilic acid (DSA), diazotized p-nitroaniline 
(DNA), Altman (p-dimethylaminobenzaldehyde in acetic anhydride) (Alt.), 
Ehrlich’s reagent (p-dimethylaminobenzaldehyde in ethanol and HCl) (Ehr.), 
ammoniacal silver nitrate (Agt), Bratton—Marshall (nitrous acid, then cou- 
pling component) (B.M.), ninhydrin (Nin.), silver nitrate plus bromophenol ' 
blue (Ag—BPB), 2,6-dichloroquinone chlorimide (DQC), and saturated borax 
sprayed over DOC (DQC base). Twelve additional sprays were used, three 
for all of the compounds and nine in special instances. These 12 sprays were 
used as in the references given: isatin (Is.) (4), mercury-diphenylcarbazone 
(Hg-DPC) (5), naphthanil diazo blue B (NDBB) (6), anisidine (An.) (4), 
8-naphthoquinone-4-sulphonate (NQS) (7), ceric-arsenite reagent (Ce-Ar) 
(4), Jaffe’s reagent (Jaffe) (4), cyanogen bromide — benzidine (CNBr-B) (7), 
pentacyanoaquaferriate reagent (PCF) (4), hypobromite-sulphamate-naph- 
thylethylenediamine (HSN) (7), silver nitrate reagent (Ag-NaOH) (4), and 
naphthoresorcinol (Na) (4). 

The colors reported were those seen after running in BuAc and 7PrAmm. 
The color description was correlated with Ostwald color solid definition accord- 
ing to the Color Harmony Manual (8) as defined previously (3). 


Results 


The chromatographic data obtained are summarized in Tables Ia, 16, and Ic. 
In Table Ia, compounds are classified according to ring system (i.e., benzenoid, 
indoles, imidazoles, purines, pyrimidines, pyridines, and miscellaneous); 
within each such group the compounds are listed according to empirical 











formula. 
TAB 
Chromatographic characteristics of 
Name No. 3660AU 2537AU DSA DNA Alt. Ebr. 
Benzenoid 
° 
Phenol B-1 = — OY[R] Pi — _— 
CiNoO32 
3,4-Dihydroxybenzaldehyde B-2 a= dBn pO <Gnf[Y] pYBn —- _— 
2,3-Dihydroxybenzoic acid B-3 b B Pi M-Gy _ — 
2,4-Dihydroxybenzoic acid B-4 -- DB Bn YBn — —_ 
2,5-Dihydroxybenzoic acid B-5 B B Wwiy] Ww -—— — 
2,6-Dihydroxybenzoic acid B-6 — dB Bn Y*,RO — — 
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ys — Pi-Bn3m M Bn Gy Y-Ww 
= -- Bn*-Pi™ P —_ B Pi-R 
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TABLE Ia 


Chromatographic characteristics of 











Name No. 3660AU 2537AU DSA DNA Alt. Ehr. 
3,4-Dihydroxybenzoic acid B-7 — DB of[y] Pi — — 
3,5-Dihydroxybenzoic acid B-8 — DB O-OY Y oo a 
2-Hydroxybenzoic acid B-9 -—- dB pY Oo — _ 
3-Hydroxybenzoic acid B-10 b B vpY RP —_ — 
4-Hydroxybenzoic acid B-11 a= Pil J R _— _— 
3,4,5-Trihydroxybenzoic acid; B-12 — DB po[y] Y*,Bn _- — 

gallic acid 
CiNo1 
2-Aminobenzoic acid; anthranilic acid B-13 dB dB!!! Y Y Y O-Y 
3-Aminobenzoic aci B-14 B By Y Ys,Pi bs Leyi 
4-Aminobenzoic acid B-15 b b!! pY Ofy] Y yi 
2-Amino-3-hydroxybenzoic acid; B-16 Be By R Y4,Bn -- OY 
3-hydroxyanthranilic 
5-Amino-2-hydroxybenzoic acid B-17 By RO-Bn Y*,0-Bn Y yi 
CsNoOi-2 
2,5-Dihydroxyphenylacetic acid B-18 —_ d B Br _— _ 
lactone; homogentisic acid lactone 
2-Hydroxyphenylacetic acid B-19 a “= R<O P — —_— 
4-Hydroxyphenylacetic acid B-20 —- -- Oo P — —_ 
Alpha-hydroxyphenylacetic acid; B-21 = oe -- _ — -= 
mandelic acid; phenylglycolic acid 
Phenylacetic acid B-22 — —_ — _ — — 
CsNoOvs 
4-Hydroxy-3-methoxybenzoic acid; B-23 a DB!! O R = —_ 
vanillic aci 
DL-3,4-Dihydroxymandelic acid; B-24 _ d pO <Gn[Y] Pr-pY[Y] _- — 
3,4-dihydroxyphenylglycolic acid 
3,4-Dihydroxyphenylglyoxylic acid; B-25 d P pO <Gnf[Y] po[y] — — 
alpha-keto-alpha-(3, 4-dihydroxy- 
phenyl) acetic acid 
CsNi 
2-Hydroxy-2-phenethylamine B-26 — — Y{[d] M —- ys 
Beta-phenylethylamine B-27 _ = vpY vpM — pY* 
Noradrenaline; beta-hydroxy-beta- B-28 —_ > Oty] Gn<Pi-Bn — pY™ 
(3,4-dihydroxyphenyl)ethylamine 
DL-Phenylglycine B-29 — _ Y[d] Y-M -—- — 
Tyramine B-30 — _— M <R[P] M = pYy* 
3-Hydroxytyramine HCl B-31 b b ] pO[Pi] os — 
CsNoOo-s 
Cinnamic acid; oniemate acid B-32 — P — — pY _— 
Phenylpyruvic acid, Na salt B-33 — d vpPi*4 pY = — 
Coumaric acid; 2- F< B-34 w Ww Oo P[Y] — -- 
p-Coumaric acid; 4-hydroxycinnamic B-35 -- d M<R B — — 
4-Hydroxyphenylpropionic acid B-36 = - M<R P -- —_ 
CsNoO>3 
4-Hydroxyphenyllactic acid B-37 -- -= R P a a 
4-Hydroxy-3-met hoxyphenylacetic B-38 d R B oo — 
acid; homovanillic acid 
4-Hydroxy-3-methoxymandelic acid B-39 — d O-RO P _- — 
3 Se ene acid; B-40 B O<Gn Y*,Bn _ pB! 
caffeic acid 
2; SDihydroxyphenylpy ruvic acid; B-41 —- B RO P — -- 
2,5-Dihydroxyphenylpyruvic lactone B-42 B B O-RP-Bn Bn ~ -- 
2,3-Dimethoxybenzoic acid B-43 —_ dB — —_ 
3,4-Dimethoxybenzoic acid; B-44 — B!! -- _ _ —_ 
veratric acid 
3,5-Dimethoxy-4-hydroxybenzoic B-45 — DB!! Re Y*,B oe _- 
acid; syringic acid 
CsNi 
o-Acetamidobenzoic acid; B-46 -—- BI! Y pY —_ 0-Y 
N-acetylanthranilic acid 
Hippuric acid B-47 — P -- — Oo “= 
ee acid; salicyluric B-48 b B LeY R Oo _- 
acii 
4-Hydroxyhippuric acid B-49 ood D : J R Oo — 
pL-Phenylalanine B-50 — —_ pY pM —_— pY 
ae: B-51 —- — M <R[Y] P <Gn[Y] — — 
3,4-Dihydroxyphenylalanine; DOPA B-52 b b Ofy] P <Gn{O] -- py™ 
p-lodophenylalanine B-53 = d -— — —- pY* 
Phenylephrine HCl; beta-hydroxy- B-54 — — OY[R] RP[P] -- 


beta-(3-hydroxypheny])- 
N-methylethylamine 








(Continued) 


some standard aromatic compounds 
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Bn® 


DOC 

Ag* B.M. Is. DEC base Ag-BPB Hg-DPC NDBB 
GyBn Ys — B2™-Gy*"-Bn* Bn Bn GyB Bnr-vpPi 
Bn - — P P —_— — Pi-O 
— — — B*=-M B — — pY 
_ —_— — B B _ -= Bn-O 
— _ —_ B B -— -— Pi-OY 
Bni-Bk ys — Bni Gy dBn B RO 
pBn B vpY bY B vpBn Gy-Y pO 
Bn™ Y4,P —_ Gni™ Bn pBn GyGn 0 
pBn*™ RP — Bn,!5™ Oo -- -= OPi 
Bn = -— RBn! GnBn pBn -—— pO-Bn 
Bn Y*,Pi-M oo Yi-GnBn™™ Bn pBn P R-RO 
Bn Y*,Pi# Pi Bni, -— Bn P R 
_ _ -— B'™-Gy B — -— O-Y 
= _- —_— Bn, _ _- ad RO-OY 
ys sale - wae _— “ onae mew 

Bk Ys — Mi), B — _ P-BP-O 
Bn ys — Y*™-YGn-Bn™ Gy By-Gy B Pi 

Bk ys —_— YGn2™-Bn Gy Gy B O-Pi 
vpBn® - pPi Bn* M:rBn = — Or-Y 

oa . vpGy pBn™ —_ _ — Pi-pY 
Bk ys — Pi-Bn'om xy Bn Bn 
- — Pi pBn*™ OBn — —_ pO-Y 

— — vpGy Bn™ _ — pms$ ft 
Bni-Bk y Gy* Bn! — Gy™ Bn Bn-Gy 
ws * ae si see - _ oi 
Bn*®™ _ Y10m —_ _ vpP O-vpY 
Bn*™ oo ~- Bsm B — pB Bn-Y 
Bn — _ Bn', Bn _ —_— P-Bn-O 
— — — —_— _ —~ n= Oo 
vy" _ ia = es ae ’ fe) 
Gy Ys — Bn, BBn — _— Bn 

Bn -— — GyBs B _ vpB P-—BnO 
Gni-Bk ye —— B5™-Bn, Bn Gy P O-Pi<Y 
Bn — — -— — = oe OBn 
Y-Bn® — — O%™-Bn Gy ~- B P-Bn 
Gy — O2m B _— _ Bn-YO 
Wl — — — OBn, Bn — _ — 

pBn _- —_ — B-BP™ BT _ _ R-O 
pBn‘ — -- -—- -- -—— — _ — 

WwW — P Bn-B* Gy*Bn, — — — O-Y 

Bn P B Bn — Bn -P P 

Bk ys P- P-B™ Pi-Bn Bn Bn Pi Pi-M 

P pai 
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TABLE Ia 
Chromatographic characteristics of 
Name No. 3660AU 2537AU DSA DNA Alt. Ehr. 
L-Adrenaline; beta-hydroxy-beta- B-55 — VY Or-W <Pi[Y] P<GnfY] — — 
(3, 4-dihydroxyphenyl)- N- 
methylethylamine 
Phenylpropanolamine; beta-hydroxy- B-56 — — Y{[d] _ _ — 
alpha-methyl-beta-phenylethyl- 
amine 
i ; rane B-57 b Y oO Oo — Pi 
pL-Normetanephrine HCl; beta- B-58 — — RO P — Pir-yY* 
hydroxy-beta-(3-methoxy-4 
hydroxyphenyl) ethylamine 
o-Tyrosine B-59 = — Y-O P — pY 
m-Tyrosine B-60 — —_ O[R] P _-_ — 
Tyrosine B-61 = -- R P — pyY 
Tyrosine-O-sulphate B-62 — vpWw —{Y] —_- — 
3-Iodo-L-tyrosine B-63 = d R P-B — pyY 
3,5-Diiodo-L-tyrosine B-64 _- d OR P-B — py 
CsN>2 
4-Aminohippuric acid B-65 b dB!! pY Y-OR So F 
3-Amino-L-tyrosine B-66 b dB O-M[Y] O*,Y-Bn[Y] Y_ LeYi 
CioNo 
3-Methoxy-4-hydroxycinnamic B-67 dB dB P-R B — pB 
acid; ferulic acid 
3,4,5-Trimethoxybenzoic acid B-68 a DB — — — 
Gamma-phenyl-n-butyric acid B-69 — a — _ _-_ — 
CioN1 
N-Formylphenylalanine B-70 — — = — — pY™ 
Phenaceturic acid; homohippuric acid B-71 - _— -- os vee 
p-2-(Methylamino)-1-phenylpropane B-72 — — _ — _-_ — 
HCl; Methamphetamine; desoxy- | 
ephedrine 
pL-Ephedrine HCI; 1-hydroxy-2- B-73 = — — _-_ — 
eeae- 1-phenylpropane 
L-Ethylnorepinephrine; beta- B-74 b Gn O-Pi{Y! Gn<M[Y] — — 
hydroxy-beta-(3,4-dihydroxy- 
phenyl)diethylamine 
DL-Metanephrine HC]; 3-methoxy- B-75 = —_— RO P _- — 
norepinephrine 
Hordenine sulphate; beta-(p- B-76 a= d O-R{[R] PiM[P] _- — 
hydroxyphenyl)-N,N-dimethyl- 
ethylamine; N .N-dimethyltyramine 
CioN2 
pL-Kynurenine; beta-(2-amino- B-77 — By _ pBn — oOo 
benzoyl)alanine 
3-Hydroxy-pL-kynurenine; beta- B-78 Y yy Bn-R Bn — Y-O 
(2-amino-3-hydroxybenzoyl)- 
alanine 
CuNe 
2,3-Dimethoxycinnamic acid B-79 VY Ww — = _-_ — 
3,4-Dimethoxycinnamic acid B-80 B dB _ — _- — 
CuNi 
N-Acetyl-3,5-diiodotyrosine B-81 = = R M _ — 
bL-Isopropylarterenol HCl; pi-N- B-82 — — OPi[B) Gn<M[B] — — 
isopropy!-beta-hydroxy-beta- 
(3,4-dihydroxyphenyl)ethylamine 
CizNo 
3,4,5-Trimethoxycinnamic acid B-83 B B — - pY — 
Cc “4 
Diiodothyroacetic acid B-84 _ d RP-B P-B _-_ — 
3,3’ 5’-Triiodothyroacetic acid B-85 — d P;-B BP _ — 
Tetraiodothyroacetic acid 86 — d — — —_— 
Cis 
L-Thyroxine, Na salt B-87 — D R-P P-B _-_ — 
DL-Diiodothyronine B-88 —- P O-R P-B — pyY 
3,3’ 5-Triiodothyronine B-89 —_— D R-P-B P-B _ — 
3,3’,5-Triiodothyropropionic acid B-90 = _- — = _-_ — 
Cis 
Chlorogenic acid; 3-(3,4-dihydroxy- B-91 B B vpOPi Y*,Bn _-_ — 
cinnamoy])-D-quinic acid 
indole 
CaN: 
Indole U-1 — — pY pO Pil PiM:-YBn-Pi* 
Indican; K indoxyl sulphate U-2 — dB Y Y*, pY Pi Oj 
Isatin; 2,3-diketoindole U-3 P Yi=-O 
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1 (Continued) 
f some standard aromatic compounds 
DOC 
Agt B.M. Nin. Is. DOC base Ag-BPB Hg-DPC NDBB 
= R-Bn y* px Pi Pii-Bn™ Gy Bn Pi OPi-W 
— -— P B pBn* — —_— — Pir-pY 
Bn ys P-RP pM M-Bn™ OBn Bn Pi>-P Rr-O 
GyBn ys P Pir Gys B vpBn — RO-O 
Bn™ — P pB BP P —_ -- P-Bn-Y 
= -— P-Bn B BT? B — R-O 
pBn™ = P-Bn Bn-B* Bn*. - —_ — Oo 
vpBnl _— pM* —_ — Bnl — pM pPi 
= — P Gy-B Bn‘, a — — Or 
-- -— P Gy-B Bns Gy - vpP Or 
Bn!? Y3,R pBn — Bn', ~ vpBn Y>,Gy 0-Y 
dBn Y*,Pi 4 Gy-B? Bnie™, _ Bn Bn Or-Pi 
Bn! y* M* —_ B5™—Gn"—Bn Gn _ os B-Bn 
Bnt- aa ee : a a pe oars es 
Bn* — p™ ~ - _— — — Or-vpY 
Ri-Bn ys P-Bn Br Pii-Bn2%im Gy Bn Pi>,Pi OrM-PiW 
Bn - P Gy'. B vpBn -- RO-O 
Bn*™ — — — _— pBn _ — oO 
Gy-Bn P P-Bn Pi pGy? — — pY RO-O 
Bn RBn Bn Pi B'-Bn. — Bn pBn Bn-O 
= - . Bn* — Ww — rs) 
Bn Y*,Pi* pM*® vpGy Pi'-Bn% Gy Bn Pi>,Pi Pi-W 
wa ames —_ - = — a — — 
— = - - RB — vpPi oO 
- — _ - BT —_ ~- oO 
a — — - vpBT pOr 
— - P pB* - BT B vpP Or 
- -- P Gy-B BT B Or 
- P Gy-pB* - BT Be - Or 
Y'-Bk Ys = - B Bn, — —_ Y-W 
-pi* _ Ms - Pi* Pi-= P —- Pi™ Pi-pO 
Bn B -- ML Gy'™—Bn4"-OBn™ RP — pB 
Pii-Gya  — - _- — — M-Gy 
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Name 














No. 3660AU 2537AU DSA DNA Alt. Ehr. 
CsNi 
Indole-3-carboxylic acid U-4 _— — pY — — M* 
Adrenochrome; 3-hydroxy-5,6- U-5 Y Y — — — GyB» 
diketo-2,3-dihydroindole 
CioN1 , 
3-Carbethoxyindole U6 D —{b] —I[b] — pyY* 
5,6-Dimethoxyindole U-7 b dB Y-O R4,R pBn BM'™—-T2m-Gni0o 
5-Hydroxyindole-3-acetic acid U-8 — bY R Pi*R — P-B, 
Indole-3-acetic acid U-9 — dBY OY[b] Pis,pY[b] — O-Pi-P-GyB 
CioN2 
ere tryptamine U-10 — DB pY[P] Y4,pY{[b] — PM <Gn™ 
5-Hydroxytryptamine (serotonin) U-11 — D R[P] Os,R[b] — Pm-Bin 
creatinine sulphate 
Indole-3-acetamide U-12 ~ DB pY —_ — M**-B* 
Indole-3-acetonitrile U-13 Y DB Of[B) Ys, Y([B} oO Yi-Pis™—Bn'™ 
-—GyB™ 
CuNi 
Indole-3-acrylic acid U-14 Pi PiPi po 02,0 — Pi 
Indole-3-lactic acid U-15 - dB vpO —(B! — P?GyB*%, 
Indole-3-propionic acid U-16 b dB vpY[B] Y*,pY — M*GyB* 
Indole-3-pyruvic acid U-17— Pi ~ *¥ — Pi 
CuNe 
Tryptophan U-18 - DB pY pBn — P-B-Gn* 
5-Hydroxytryptophan U-19 Y . R Y*,PiM vpY M*™-Gn* 
3-(Dimethylaminomethy]) indole; U-20 - d —- —{B] — On 
gramine 
N-Methyltryptamine; 3-(2-methyl- U-21 - DB W pY nee Mi-B 
aminoethyl) indole 
CuNi 
Indole-3-butyric acid U-22, b dB — O*,pY — M*™-GyB* 
CiNe 
Bufotenine; N,N-dimethylserotonin U-23  b B R Os.R — BP2=-B 
3-(2-Dimethylaminoethy]) indole; U-24 DB vpO vpY — M»-B 
N,N-dimethyltryptamine 
Cia 
N-Acetyl-pL-tryptophan U-25 — dB pY pPi — P-GyB*™ 
Harmine; 7-methoxy-1-methyl- U-26 B BYGn — — Pi pyY 
9-pyrid(3,4-beta) indole 
Name No. 3660AU 2537AU DSA DNA Alt. Ebr. 
Imidazole 
3 
Imidazole I-1 -- O<¥ RO -_ — 
Hydantoin I-2 — - —{b] —{b] _-_ — 
Cs 
Allantoin; 2,4-dihydroxy-5-ureido I-3 - - - = 
imidazole yi 
Creatinine; 1-methylhydantoin-2- 1-4 D Y — py — 
imide 
4-Amino-5-imidazolecarboxamide I-5 D B Gn <P py Y 
4-Hydroxymethylimidazole HC! 1-6 - OY-R<Y RO _ — 
4-Methylimidazole HC! 1-7 - -- R M — 
Cs 
Histamine diHC! 1-8 - - Y-R Y-PiM[Pi] pY™* pY* 
Histidinol diHCl 1-9 — Y-R Y-P<O[Pi]— pY™* 
L-Hydantoin-5-acetic acid I-10 - Y - _-_ — 
Imidazole-4-acetic acid HCl I-11 - - R PiM —_- - 
Ce 
L-Histidine 1-12 - -— O-R R — YY 
L-Histidine. HCl. HzO I-12a - R R — YY 
Imidazoleacrylic acid; urocanic acid I-13 P Y-OR P = - 
Alpha-keto-beta-imidazolepropionic I-14 - - pR pPiM _-_ — 
acid; imidazolepyruvic acid 
1-Methyl-¢histamine diHC] 1-15 ~ Y[YGn] vpMI[Pi! -_ — 
1-Methylimidazole-4-acetic acid 1-16 vpW Pi} _-_ — 
1-Methylimidazole-5-acetic acid I-17 —- — —{Pi] - — 
L-2-Thiolhistidine 1-18 D V[Y) R-O[O] Y pY 
C; 
pDL-1-Methylhistidine 1-19 -- - pY[y] = - py 
L-3-Methylhistidine I-20 — - Y[D] Pify] py‘ 








Orn 
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DQC 

Agt B.M. Nin. Is. DOC base Ag-BPB Hg-DPC NDBB 

— - _ — _ _— Pir 

pBn - - _ _ ~~ - — _ 

_— —_— — — Oj Or - _ —_— 

Bk2m RP*,BP pBn* GyM* M2™-T-GyGn* RP pGy P RP-R 

Bk O*,Gn-Bn* pM pGy P BP Bn GyB P 

Bn -- pM*® — Bn! — — GyB Pir 

Bn™ _ M pBn Gyi Bn —- B OY-Y 

Yi-Bn®™ $ Ys, YBn M - Mi-Ps™ BP Be,pGy™* B P 

Bn™ — Oi-Bn™ Bn -- B 3 

dBn* Pii p* pO oi-y% Y B P O-Y-Bn™ 
pBn Pi? - - Pis™-O! oO pB - pO 

Bn™ — - =e Gni~-y! Gy = B Yr-w 

Bn™ Y2,Pi! — - pBn ~ — P — 

Pi-pBn™ Pi* pBn™ pPi* Oo Oo ~- Pi® RO-O 

Bn*™ ys P-Bn P Bns —— — B pY 

Bn™ V*, YBn P P-Pi# M"-P* P pBn B P 

Bn — —_ — pBn pM _ - po 

Bn* - BP* — Gys™ Bn —_— B O<Y 

Bn™ Ys, Pi! i ons Gy Gy = Pp Y-w 

Bni-Gy Y*,YBn pGy* Mi-Psm BP Bs ,pGy B P 

pBn™ _ _— - Gy’. Gy — pB™ py 

Bn# — se = Bn — — M — 

pBn™ -- = Gy Gni Gn Bw Yy* B-BP 

Agt B.M. Nin Is. DEC base Ag-BPB Hg-DPC NDBB An 
PBn*™ - — Gy! Gy -— P Y-OY R 
Bn = = -— - -- R<B j“ - 
pBn® — - - - W <P Ww “= 
Bn - - — Bn! Bn - Gy — po 
Bn Pi ME pY Br-Y-Bn OBn pBw P BP-P B 
Bn‘ — pM* Bn™ Bn - P J R 
_ _ - — — — P Pi-RO R 
— — P — pBn™ — vpW oO R 
sei se P . Bn - pB oO R 
we . we a a — _ M — — 
pBn® ~ M* — Bn*™ _ P Y-O R 
Bn P Bn-B™ Bn? -- - vpM Oo R 
Bn P B Bn -- pGy B Oo R 
Bn‘ = - - Bn* Bn B Pi-R R 
pBn™ - pM pB™ Bn — vpPi vpO R 

= — P - _ —_ vpP, pOo-W _— 

Y*-Bn - -- - — — — vpP _ _ 
Y*-Bk _— “= - -~ — —_ vpP _ _ 
Yi-Bn -- P M Pi-P Gy B vpM R Gn 
Pi» —_— P P-B™ Bni Bn vpM pY - 
pO-Pi™ B 
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4-amino-2-hydroxy- 
5-methylpyrimidine 








Name No. 3660AU 2537AU DSA DNA Alt. Ehr. 
Cx 
N-Acetyl-t-histidine I-21 — = OY-R Y-PiM[Pi] — -- 
9 
L(+)-Carnosine; beta-alanylhistidine I-22 = - OY-R PiM[Pi] -= pY* 
4-Amino-5-imidazolecarboxamide I-23 oo D B M — pY 
riboside 
Thiolhistidine betaine; I-24 — D Y-Pi<O O-R-P -— —- 
L-ergothioneine. HC] 
Name No. 3660AU 2537AU DSA DNA Alt. Ehr. 
Purine 
Cs 
Adenine; 6-aminopurine P-1 —- P pY - — 
Adenine sulphate P-2 — P py — - = 
2-Aminopurine P-3 dB dB = — - Y'-LeY 
Guanine; 2-amino-6-hydroxy- P-4 — d Oo pM —_ —_ 
purine 
Isoguanine; 6-amino-2-hydroxy- P-5 = d Ory] Pi{B] - 
purine 
2-Amino-6-thiopurine P-6 Y = W[B} 4 Y Yi 
2,6-Diaminopurine sulphate P-7 — dB Oo P = Y 
Xanthine; 2,6-dihydroxypurine P-8 P oO pM a _ 
Hypoxanthine; 6-hydroxypurine P-9 P - — — — 
Purine P-10 - P -— —[b] = i 
Uric acid; 2,6,8-trioxypurine P-11 - D WIb] pY[Y] — a 
6 
6-Methylaminopurine P-12 - P _ — — — 
6-Methyl-2-hydroxypurine P-13 dB dB pO-Pi — OL Y-Gn™=-T!, 
-dBt-Pp* 
7-Methylxanthine P-14 — -= pO —_ = = 
7? 
6-Dimethylaminopurine P-15 — D W[B] Pi[b] — = 
1,3-Dimethylxanthine; P-16 - D pY — -- —— 
theophylline 
3,7-Dimethylxanthine; P-17 —- D _— — - = 
theobromine 
Cs 
1,3,7-Trimethylxanthine; caffeine P-18 — D _— —_ — — 
Cio 
Adenosine; adenine riboside P-19 — P pY oo — — 
Adenylic acid; adenine ribotide P-20 —_ P pY —_ = — 
Guanosine; guanine riboside P-21 os P pY[Y] —([dB] pY pY 
Guanylic acid; guanine ribotide P-22 — d Oo ) “= — 
Inosine; hypoxanthine riboside P-23 P — -= as 
Inosinic acid; hypoxanthine ribotide P-24 -- P = = -= — 
Pyrimidine 
4 
Alloxan hydrate; 2,4,5,6-tetra- W-1 — d pPi — — = 
hydroxypyrimidine 
Cytosine; 4-amino-2-hydroxy- W-2 — P — —_— a — 
pyrimidine 
Uracil; 2,4-dihydroxypyrimidine W-3 — P — — —_ — 
Dihydrouracil; 2,4-dihydroxy- W-4 — _ _ _— —_ pY 
5,6-dihydropyrimidine 
Thiouracil; 2-mercapto-4- W-5 — P W[b] pY[Pi] Ww -- 
hydrorypyrimidine 
Cs 
Thymine; 5-methyl-2,4-di- W-6 — P — _ —_— pY 
hydroxypyrimidine 
Dihydrothymine; 5,6-dihydro- W-7 oe a -- - — — 
5-methyl-2,4-dihydroxy- 
pyrimidine 
Orotic acid; 4-carboxy-2,6- W-8 —- D —\[b] —- — — 
dihydroxypyrimidine 
L-Dihydro-orotic acid; 4-carb- Ww-9 — — -- — _ — 
oxy-5,6-dihydro-2,6-di- 
hydroxypyrimidine 
Uracil-5-carboxylic acid; 5-carb- W-10 — D -- -—— -- — 
oxy-2,6-dihydroxypyrimidine 
5-Hydroxymethyluracil; W-11 os P = -- _— — 
5-hydroxy-methyl-2,6-di- 
hydroxypyimidine 
5-Methylcytosine.4HO; W-12 a P —- — ~- — 
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(Continued) 
some standard aromatic compounds 
: Dec 
Ag* B.M. Nin. Is, DQC base Ag-BPB Hg-DPC NDBB An 
=_ _— _- _— _— — _ _ R-O R 
vpWL —- YBn-P -- Bn* oo — vpM RO R 
Bn PiM M* — BGn-YGn-Y Y — P P-RP-O GyB 
Y-Bn _ M* _ R'™-Bn Bn BP — P-RP Y 
DOC 
Agt B.M. Nin. Is, DEC base Ag-BPB Hg-DPC NDBB 
pBn# —_ — _ — — B RP <B Pj%m_py% 
pBn‘ oo pM*® — Bn™ = B RP<B — 
Vy —_— — -- — — B B — 
a —_ oan aig a a pB ‘neh =e 
pBn —_ M* -—— pGy* pB-T Y¢,B B _— 
Y-pBn® pY pM* = oi Bn Y°,B B Y 
pGy* - pM® — pGy‘ GyGn R°,B B -= 
Bn@ — — ae si M pB B — 
—_ _ pM* —_ — pBn B B — 
Gy* — — — — — B B _ 
Bn -- — — Y"Gy oO Gy pM Pi-W»™ 
_ _ pM* _— pBn™ Bn Y°,B M _ 
_ — M<yY*# po Bn®™ Gy Ye,B B Gy B%®m 
_ _— — — _ — pB RP _ 
“= — pM*@ — pBn™ Bn B M — 
_ ~— _ oe B B B _ 
_— a ome —_ om “an — B annie 
on — pM® _— — — BrBn® RP<B _— 
W-Gy — — _ Bn™ — — B — 
- mee — = ~ ane pB B Pim 
én cae pM™ aes cig ae B B a 
<a — nti ons a — B B on 
_ — — re Bn‘ Bn _ B —_ 
Gy™ _ ie sm _ _ Bn RP _ 
we — pM*® — pBn*™ — Bw B po 
pGy* _ pM* — — — — 4 <B pO 
pBn® — pM*® > Yin Bn GyB Pi LeYi;-Bn 
YO!om 
— — _ _ — pBn — RP <B _ 
_ — — -- _— -— — RP 
W ~ ~ ~ — _ P — 
— -_ oom -_ = a= = P = ou 


_ — —_ RP<B po 


we = pM# — pBn* — Y°,B B — 
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Name No. 3660AU 2537AU DSA DNA Alt. Ehr. 
9 
Cytidylic acid; cytosine ribotide W-13 = D —_— —~ — — 
Uridine-5-phosphate; UMP; W-14 — = -- — — 
uracil ribotide 
Uridine; uracil riboside W-15 — D -- _ — — 
Pyridine 
Ce 
Nicotinic acid; 3-pyridinecarboxylic N-1 — P a ad = _ 
acii 
6-Hydroxynicotinic acid N-2 — P vpO[B] —({B] — —_— 
Nicotinamide; 3-pyridinecarboxamide N-3 D P — — —_ -- 
T 
Pyridine-2,3-dicarboxylic acid; N-4 — d pY _— —_ -— 
quinolinic acid 
N-Methylnicotinic acid; N-5 — P -- —— — — 
trigonelline, free base 
Trigonelline sulphate N-6 — P = —(b] oe —_ 
N-Methylnicotinamide N-7 _ P — —_ = = 
Cs 
N,N-Dimethylnicotinamide N-8 P -—- —_— _ _ 
Nicotinuric acid N-9 — D — — Oo 
21 
DPN;; Diphosphopyridine nucleotide N-10 = P —{Y] —{Y] = — 
TPN;; triphosphopyridine nucleotide N-11 — P —{[Y] —{Y] -- — 
Quinoline 
Cio 
Quinaldic acid; 2-carboxyquinoline X-1 b B!! vpPi{Y] — = vpPi 
Kynurenic acid; 2-carboxy- X-2 b B!! ~- — = —_ 
4-hydroxyquinoline 
8-Hydroxykynurenic acid; X-3 B B OR P “= Y 
xanthurenic acid; 2-carboxy- 
4,8-dihydroxyquinoline 
15 
8-Hydroxyquinoline glucuronide X-4 b B vpO -—- a ae 
Pyrrole 
6 
Pyrrole-2-carboxylic acid X-5 — Pp RP Y-YGn —- Pii-P-B 
— 2-pyrrolidinecarboxylic X-6 -— oo WID] WI[b] — pYy™ 
aci 
1-Pyrrolidine carbohydrazide X-7 — d Ww Ww — OY 
Cyclohexyl 
‘ 
i-Inositol; hexahydroxycyclohexane X-8 — — os = —_ i 
7 
3,4,6-Trihydroxycyclohexene-1-carb- X-9 — — Y-O[b] — — — 
oxylic acid; shikimic acid 
1,3,4,5-Tetrahydroxy-1-carboxy- X-10 — pY — -= ~~ yu 
cyclohexane; D-quinic acid 
Miscellaneous 
Co 
Ammonium chloride X-11 = -- pY pP pY — 
Ci 
Thiouree X-12 — P pY[b] vpY Ww Y2m 
Urea X-13 = -= a a -- yi 
2 
Ammonium acetate X-14 _ _— —_— _— — — 
3 
Formininoglycine X-15 — —- pY Pi-pM — y? 
Ca 
Creatine X-16 — — — — py — 
5 
DL-Ureidosuccinic acid X-17 — -- 7 _— = yi 
Ce 
L-Ascorbic acid X-18 b Y -—- _ — — 
Glucuronolactone X-19 -- — — — a — 
Glucuronic acid X-20 — — — — — -- 
Cs 
Thioctic acid X-21 a — — — oe — 
Ciz 
Thiamine. HCl X-22 —_ P — — os 
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DOC 
base Ag-BPB 









Ag* B.M. Nin Is. DOQC Hg-DPC NDBB 
W-Gy _ — _— pBn™ — —_ M — 
Ww — —_ — — _ _ P — 
ons _ sie _ ons = — B _ 
WL = — snl — _— sani — —_ 
WL a -- — — — —_ B — 
Gy* —_ pGy® —_ pBn™ _— _— B-W — 
YL Ym oa <a — ‘anise a —_ in 
YL Ym or — — oad mas inet — 
pBnt _— _ _ _ _— vpB — 
pBnt — — = — — —_ vpB _ 
Ww vpPi -- — = ~- vpB B -- 
Bn ao -- = BT! B _ — B-M 
Bn‘ pM! p™ pBn Bn RBn — B Pi-RO 
_- — Y-MBn B Gy*Bn, _ -- OY-Y 
Bn = p™ -— Bn! _ vpP Pir 
_ wm Salk _ pBn* sei as pane i 
— we pats anti —_ — inal uae om 
Gy = Piw a= a pBn Gy Ww — 
Bni-Bk — i — Yi-O*-RBn™ BBn RP pY pY 
rin am 3 eit pail ents ani pa mth 
Bn -- P Gy-PiWw Gy M _— B Or 
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Name No. 3660AU 2537AU DSA DNA Alt. Ebr. 
Cis 
Cyanidin chloride; 3,3',4',5,7-penta- X-23 = Pi — _ nse ‘uni 
hydroxy-2- phenylbenzopyryllium 
chloride 
Cis 
Folic acid X-24 — -— = — ante y? 
31 
pt-Alpha-tocopherol phosphate X-25 —- — — —_ - 
Cas 
Bilirubin X-26 yyY —— — — BGn2™ 
Biliverdin X-27 bBo —_ — na = 
Cau 
Hemin X-28 d DGn — — a _ 
Hematoporphyrin. HCl X-29 R RR pBn{Y} - - Bim-}{ 2m 
Protoporphyrin X-30 R RB _— — _— Gn™™-Gy 





UV: II, phosphorescence; b, weak blue; B, sky blue; dB, dark blue, lighter than background; DB, blue, darker 
defined, slightly darker than background; Y, yellow; Gn, green; W, white, Pi, pink; O, orange. Colors i in super- 

Cotors: The following colors were as previously defined (3): W, white; Bk, black; Gy, gray; Bn, brown; ; 
OBn, orange brown; GyBn, gray brown; RO, red orange; RBn, red brown; Pi, pink; R, red; PiM, pink mauve; 
turquoise; T, turquoise; BGn, blue green; Gn, green. Five color descriptions i in addition to those previously defined 
green (Nos. 22-23); YGn, yellow green (No. 24). Superscripts: numbers followed by m indicate the time in minutes 
a, color after nitrate spray of DNA and B.M.; b, color after mercury spray of Hg-DPC; c, color with Ag-BPB 





— indicates no reaction. [ ] enclosing a color symbol indicates the color which appeared under ultraviolet after 


concentrated portion. 


Discussion 


The absolute R,;(s) listed in Table Id will probably not be exactly reproducible 
from laboratory to laboratory but the relative R;(s) should be reproducible. 
Factors such as direction of solvent flow relative to the grain of the paper may, 
however, have marked effects even on relative R;(s). The relative R;(s) may 
also be markedly affected by the other materials in the mixture chromato- 
graphed; substances usually show lower R;(s) when run in a mixture than 
when run singly, but the data in Table Id indicate that this is not uniformly the 
case. The R;(s) of various components of a mixture in one solvent system 
may also vary depending on whether that particular solvent system is used 
unidimensionally or in the second dimension after another solvent system; in 
the latter instance the R,(s) in the second direction will depend to some extent 
upon the nature of the solvent used in the first dimension. All of these factors 
must be borne in mind when attempting to identify a substance by com- 
parison of its chromatographic characteristics with those reported in the 
literature. At best such comparison is only a guide subject to probable verifi- 
cation by cochromatography with an authentic standard and proof by isolation. 

Despite these difficulties it appeared valuable to analyze the data in Table Ib 
to see if any correlations between relative Ry and structure could be drawn. 
Such correlations might offer further guides to the possible identity of com- 
pounds for which chromatographic information is not yet available. Such 
analysis for a number of single structural variations was done as indicated in 
Table II; the conclusions drawn from a number of such analyses are presented 
in Table III. In each case the Ry for the pure compound run alone was used. 

Within the limited series of compounds investigated, there was often a 





a We mere 8 OTF 
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DEC 
Ag* B.M. Nin. Is, DOC base Ag-BPB Hg-DPC NDBB 
- — - _— _— _ _ _- Rr 
= M oe aie — si a is 
Gy* — Ms _ —_ — — — ~ 
er, Me =e = a = a = 
Bn Gn Ms a = — — Gn Gy 
= pGn M* - — — _— Gn — 





than background; P, purple, darker than background; D, darker than background, neither blue nor purple; d, weakly 
scripts = color on unsprayed chromatogram in daylight. 

lemon yellow; Y, yellow; GnBn, green brown; OY, orange yellow; YBn, yellow brown; BBn, blue brown; O, orange; 
M, mauve; GyM, gray mauve; RP, red purple; P, purple; GyP, gray purple; B, blue; GyB, gray blue; BT, blue 
were used: OPi, orange pink (color chip No. 5); PiW, pink white (Nos. 7-8); BP, blue purple (No. 13); GyGn, gray 
for appearance of the color; numbers alone indicate the time in hours; i, immediate; L, late, appears after 2-3 weeks; 
before washing. Subscripts: s, stable; f, fades; w, washes out. Adjectives: p, pale; vp, very pale; d, dark. 

the spray. < indicates the spot showed two colors, the color before the symbol being that of the outside, less 


surprisingly consistent R; change for a given structural variation, particularly 
in the acidic and neutral solvents. Exceptions were noted, however, and must 
be expected wherever the structural change affects the possibility of functional 
group interaction. Table II, for example, shows the effect of a change of ring 
system on R; in n-BuOH/AcOH/H.0O for five sets of derivatives with various 
side chains. Substitution of a 3-indolyl ring for phenyl has little effect on Ry, 
while substitution of an imidazolyl residue generally brings about a marked 
lowering. The pyruvic derivatives are exceptional, presumably because 
enolization and ‘chelation with ring nitrogens can occur in both the indolic 
and imidazolyl derivatives, but particularly in the latter. 

Other structural variations considered in Table III in relation to Ry are 
introduction of —CH,.— groups in the side chain or on a ring carbon, N-methyl- 
ation, acetylation or formylation, O-methylation, amide formation, introduc- 
tion of acrylic, methoxy, ring amine, iodine or hydroxyl groups, and oxidation 
of a-CHe to a-CHOH groups. 

Some comments as to the compound classes which seem to react with the 
various sprays used may also be of some help in presumptive identifications 
although every such rule seems to be subject to innumerable exceptions. 

The Bratton—Marshall (B.M.) reagent is said to give pink to purple colors 
with aromatic diazotizable amines. This was found correct for 11 out of 12 
such amines studied, 2-amino-3-hydroxybenzoic acid being an exception. 
Aminopurines are evidently not diazotizable under these conditions, but the 
aminopteridine folic acid gave a positive B.M. reaction. Some compounds 
other than diazotizable amines were also found to give a positive B.M., 
particularly among the indole derivatives. Several such materials, as, for 
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TABLE Ib 
Ry values 
Rs X 100 in: Ry; X 100 in: 
No. BuAc #PrAmm MeBuBz ButAmm No. BuAc iPrAmm MeBuBz ButAmm 
B-1 90/88 88/92 88 — B-48 83/79 23/08 66 72 
B-2 80/80 4820/34 84 67 B-49 71/65 17/05 63 55 
B-3 81/76 34/24 61 52 B-5O 51/51 43/38 64 74 
B-4 85/83 29/29 73 53 B-51 20 ic 41& 36 43 
B-5 81/80 49/44 65 43 B-52 19/18 07/08 35 46 
B-6 85/81 20/10 62 57 B-53 58/55 52/42 70 78 
B-7 75/74 10/05 79 54 B-54 56/45 74/57 74 76 
B-8 75/75 18/20 87 73 B-55 35/ ic 61 65 
B-9 88/88 62/54 78 83 B-56 68/69 82/58 79 83 
B-10 84/84 32/32 83 82 B-57 37/ 31t 65 66 
B-11 83/85 18/17 87 75 B-58 45/45 47/50 67 75 
B-12 51/49 03/18 37 36 B-59 41/40 34/33 54 63 
B-13 83/84 34/36 85 86 B-60 30/33 31/30 54 55 
B-14 74/73 21/19 53 80 B-61 32/31 22/24 49 53 
B-15 76/77 18/20 79 79 || B-62 06/03 01/03 15 14 
B-16 72/79 28/28 82 67 || B-63 44/41 18/18 61 63 
B-17 76/75 25/25 49 65* B-64 54/49 11/10 60 75 
B-18 ic 84 81 B-65 50/56 19/22 58 56 
B-19 83/84 61/57 75 78 B-66 10/08 11/12 32 52 
B-20 82/82 31/32 85 71 B-67 80/80 17/19 84 75 
B-21 82/ 45/ 67 B-68 86/88 45/50 78 88 
B-22 B-69 
B-23 81/82 12/16 84 77 B-70 78/ 72 
B-24 46/34 11/01 50 32 B-71 83/ 43/ 71 80 
B-25 38/26 08/08 60 28 B-72 73 — 82 — 
B-26 60/60 72/55 75 81 B-73 72/76 84/55 80 87 
B-27 70/70 84/68 79 87 B-74 47/ 46 or Dc 71 77 
B-28 30 Ic B-75 55/57 66/65 71 75 
B-29 43/45 35/32 63 70 B-76 65/70 85/70 75 79 
B-30 55/60 74/59 72 77 B-77 30*/28& 26/25 44t 69 
B-31 42/ 20¢/ 64 77 33 
B-32 88/90 54/55 75 90 B-78 22&27/ 10/12 32& 40 52 
B-33 81/ 48/ 75 68 24 
B-34 86/85 26/20 70 84 B-79 88/88 50/52 75 90 
B-35 84/85 26/30 88 76 B-80 82/82 33/26 66 86 
B-36 84/85 37/36 70 80 B-81 86/86 20/20 83 80 
B-37 70/69 38/33 59 59 B-82 55 740r De 74 78 
B-38 80/80 28/32 83 75 B-83 86/88 44/50 72 87 
B-39 64/63 24/23 61 48 B-84 89/89 76/49 70¢ 86 
B- 70/66 09/ 79 55 B-85 89/92 65/44 78 87 
B-41 75/70 30/28 61 B-86 89/92 54/36 56¢ 89 
B-42 75/74 24/24 84 61 B-87 73/66 33/31 Sit 80 
B-43 84/86 42/42 72 87 B-88 64/62 56/44 46' 78 
B-44 85/83 36/29 66 86 B-89 72/62 48/46 55¢ 81 
B-45 76/74 12/12 82 73 B-90 89/92 61/40 64 88 
B-46 86/88 68/59 76 86 B-91 43/37 08/11 59 46 
B-47 81/81 44/44 77 78 
Rs X 100 in: RysX 100 in: 
No. BuAc iPrAmm MeBuBz ButAmm BzPr No. BuAc iPrAmm MeBuBz ButAmm BzPr 
U-1 90/90 87/85 90 90 87 U-14 91/80 90/88 94 91 
U-2 = 29/36 63/52 70 43 U-15 93/72 35/30 63 71 
U-3 =80/81 74/62 83 81 U-16 83/83 41/44 70 85 
U-4 86/83 25/21 84 U-17 92/90 87/65 92 91 93 
U-5 39% 10¢ 62% 59t U-18 36/37 25/26 46 68 
U-6 90/86 86/66 90 88 85 U-19 18/12 14/11 31 44 
U-7 =85/85 82/70 86 83 80 U-20 68/68 84/84 81 85 
U-8 71/72 22/22 72 57 U-21 68/74 82/82 78 84 74 
U-9 84/86 40/35 84 82 U-22 89/87 48/45 76 88 
U-10 61/65 72/62 71 81 64 U-23 50/52 80/75 73 79 29 
U-11 40/41 54/35 59 72 13 U-24 69/70 87/ 76 84 70 
U-12 78/78 73/S8 80 84 72 U-25 82/81 44/43 76 78 
U-13 86/83 84/88 88 86 U-26 71/74 80/60 79 83 67 
RysX 100 in: RysX 100 in: 
No. BuAc #PrAmm MeBuBz ButAmm "No. BuAc sPrAmm MeBuBz ButAmm 
I-1 48/48 74/60 68 75 1-5 39/46 40/41 53 76 
1-2 38/38 23/25 57 52 1-6 38/47 63/50 61 
1-3 20/21 08/07 41 41 1-7 64/66 78/70 68 
1-4 44/43 35/30 57 78 1-8 08-19'/12* 49/44 50 76 




















McGEER ET AL.: AROMATIC COMPOUNDS 


TABLE Ib (Concluded) 
























































Ry values 

Ry X 100 in: RsX 100 in: 
No. BuAc iPrAmm MeBuBz ButAmm No. BuAc iPrAmm MeBuBz ButAmm 
1-9 08—19'/12* 48/50 50 76 1-16 36/32 18/18 52 
1-10 41/34 13/10 43 41 I-17 25/ 22/ 51 
I-11 37/35 28/20 42 58 I-18 10/11 13/13 27 37 
I-12 09/13 14/14 21¢ 70 1-19 11/10 19/19 26 76 
I-12a 09/ 14 23 74 1-20 16/12 18/19 35 75 
I-13 53/56 26/22 63 68 I-21 30/27 20/23 49 63 
I-14 09/11 13/12 19 69 I-22 07/05 09/09 18 63 
1-15 10-20%17 51/46 57 79 I-23 30/31 28/27 44 59 

-30' 1-24 17/17 15/16 44 46 

Rs X 100 in: Rs X 100 in: 

No. BuAc iPrAmm MeBuBz ButAmm BuPy No. BuAc iPrAmm MeBuBz ButAmm BuPy 
P-1 52/52 29/30 55 85 62 P-20 C6/ 02/ 38 55 24 
P-2 50/54 33/35 55 86 P-21 20/19 13/14 41 47 52 
P-3 35/38 26/27 53 77 P-22 29/28 13/15 37 59 21 
P-4 = 308/ 15t/ 56t 50¢ P-23 22/22 17/18 46 47 55 
P-5 29/23 12/10 33 76 44t P-24 03/05 0/0 34 27 20 
P-6 34/35 14/11 42 50 65 W-1 40/ 04/ 61 27 
P-7 37/37 23/17 31 80 47 W-2 36/37 36/33 53 73 49 
P-8  30t/29 10/05 38t 46¢ 58 W-3 45/44 36/34 59 56 65 
P-9 36/37 19/21 53 56 57 W-4 43/44 43/42 59 62 57 
P-10 56/57 43/36 68 77 W-5 56/57 30/25 65 58 
P-11 16*/ o74/ 25¢ 34t 34t W-6 56/54 50/42 68 69 71 
P-12 65/65 55/44 72 88 71 W-7 56/55 50/50 68 73 68 
P-13 35/33 22/20 51 67 51 W-8 16/14 12/08 44 29 47 
P-14 30/34 14/11 63 61 W-9 23/22 14/10 41 33 30 
P-15 67/67 66/49 80 87 73 W-10 35/33 03/03 42 37 32t 
P-16 65/64 49/41 73 77 75 W-11 36/35 27/25 54 63 
P-17 56/51 39/40 66 76 68 W-12 42/43 40/38 59 75 54 
P-18 73/73 69/54 82 84 W-13 06/05 02/02 38 44 21 
P-19 40/39 34/33 50 75 60 W-14 05/06 0/02 39 27 27 

W-15 33/30 25/26 55 46 65 
Rs X 100 in: RysX 100 in: 

No. BuAc iPrAmm MeBuBz ButAmm ; No. BuAc iPrAmm MeBuBz ButAmm 
N-1 71/67 35/33 68 74 X-11 14/ 29/ 54 25 
N-2 60/57 20/19 52 54 X-12 47/42 42/40 56 49 
N-3 65/65 65/63 72 84 X-13 50/49 41/35 53 72 
N-4 30/23 05*/03 48 39 X-14 — —_ — = 
N-5 26/23 15/16 51 62 X-15 22/17 16/13 39 $2 
N-6 6 15 $1 61 X-16 34/35 16/17 47 57 
N-7 80/78 77/75 82 86 X-17 40/30 03/04 40 37 
N-8 80/77 76/74 81 88 X-18 41/ 10/ 65&53 36 
N-9 64/64 32/29 78 77 X-19 32/De 07/Dc 62 43 
N-10 0 16 43 X-20 11/12 09/11 44 22 
N-11 0 0 09 30 X-21 89/88 62/45 87 90 
X-1 71 42 75 78 X-22 27/29 56/48 64 8C 
X-2 50/52 37/38 60 56 X-23 56 04/ 86t 30 
X-3 44/41 07/09 68 X-24 49/60 04/07 56 46t 
X-4 27 26 57 59 X-25 
X-5 79/84 33/32 81 77 X-26 85* 45 
X-6 26/28 34/33 50 64 X-27 0 04 86t 
X-7 60*/60t 31/23 63 75 X-28 90 05 55 86+ 
X-8 06/09 14/10 39 26 X-29 90 11 70¢ 78* 

X-9 40 11 48 X-30 95¢ 19 90¢ 79 
X-10 25 15 43 _ 











SoLvENtTs: BuAc = n-BuOH:HOAc:H20 (4:1:1), run in long direction; 3PrAmm = i-PrOH:NHsOH:H20 (8:1:1), 
run in short direction; MeBuBz = MeOH:”-BuOH:CeHe:H2O (2:1:1:1), run in short direction; ButAmm = 
i-PrCOOH:0.5 N NHsOH (10:6), run in long direction, BzPr = CsHs:EtCOOH:H20 (100:70:5) run in long 
direction; BuPy = n-BuOH:pyridine: H2O (1:1:1), run in short direction. The first figure in the BuAc and iPrAmm 
columns is the Rs for the compound run alone unidimensionally; the second figure is the Ry for the compound 
cochromatographed bidimensionally with a urine extract. Subscript t = substance streaks or tails and Dc = sub- 
stance decomposes in the solvent. 


example, indoleacetonitrile, indolepropionic acid, and 5,6*dimethoxyindole, 


gave pink to blue colors which might be taken as indicating a primary aromatic 
amine; such reactions were probably due to indigo-type oxidations of the 
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McGEER ET AL, AROMATIC COMPOUNDS 


TABLE II 


R;(s) of some benzenoid, 3-indolyl, and imidazoly] derivatives 
(in BuOH/AcOH/H20,"4:1:1) 














Ring 

Side chain Benzene 3-Indole* Imidazole* 
None 1.0 .90 (—0. 10) -48 (—0. 52) 
oo re . 36 (—0.15) .09 (—0.42) 

! 

CH,—CCOOH 81 .92 (+0.11) .09 (—0.72) 
CH=CHCOOH . 88 .91 (+0.03) .53 (—0.35) 
CH:CH:NH2 .70 .61 (—0.10) .19 (—0.51) 
Average difference —.04 —.50 


from benzene derivative 





*Figures in parentheses show difference from benzenoid derivative. 


indolic rings. A few substances such as 5-hydroxyindoleacetic acid, hemato- 
porphyrin, and protoporphyrin gave brown to green-gray colors. A relatively 
large number of substances were found to give a yellow spot after spraying 
with the nitrite used initially in the B.M. procedure; such reactions are noted 
in Table Ia but cannot be considered true positive reactions with the spray. 

The Altman reaction for hippuric acids gave orange colors with all four 
hippuric acids studied and with nicotinuric acid; it gave a yellow color with 
phenaceturic acid. The orange color seems relatively specific for hippuric 
acids since it was noted with only two other materials (indoleacetonitrile and 
6-methyl-2-hydroxypurine) ; but yellow colors were found with a wide variety 
of compounds. White or pale brown spots were given by three compounds 
(thiourea, thiouracil, and 5,6-dimethoxyindole), while a few indoles (indole, 
indican, and harmine) gave pink spots. 

The Ehrlich reagent, as expected, gave colors with all the indoles studied 
and these generally ranged from pink to blue and purple. The change of color 
with position of substituent upon the indole ring was in general accord with 
accepted rules (4); the data emphasized, in particular, the tendency of 3- 
substituted indoles (such as indican, adrenochrome, isatin, harmine, gramine, 
and 3-carbethoxyindole) to give yellow to orange spots. Forty-seven non- 
indolic materials studied also reacted with the Ehrlich spray but most gave 
only a gray or pale yellow color; only seven (3,4-dihydroxyphenylpropanol- 
amine, 3,4-dihydroxycinnamic acid, 3-methoxy-4-hydroxycinnamic acid, 
2-carboxyquinoline, pyrrole-2-carboxylic acid, 6-methyl-2-hydroxypurine, and 
hematoporphyrin) gave the blue to pink colors characteristic of most indoles. 

Ninhydrin was positive with all 26 N-unsubstituted alpha-amino acids 
studied. The color was usually purple, but sometimes purple-brown as with 
tryptophan or kynurenine, brown as with 3-hydroxykynurenine, or pale mauve 
as with tyrosine-O-sulphate. Ninhydrin also gave colors with 24 out of 30 
primary amines studied (the exceptions being five aminopurines and 3- 
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hydroxyanthranilic acid), with seven out of eight of the secondary amines 
(exception being desoxyephedrine) and with the five alpha-keto acids. The 
color tended to be purple with primary amines where the amine group was on 
an aliphatic carbon and mauve or, rarely, brown or yellow with aromatic 
primary amines. The spots given by the keto acids were mauve or pale brown 
while those with the secondary amines tended to be some shade of purple. 
Most of the N-acylated amino acids and tertiary amines studied did not react 
with ninhydrin (exceptions were formiminoglycine, carnosine, 6-dimethyl- 
aminopurine, and bufotenine). Ninhydrin also reacted with a large number of 
miscellaneous compounds but usually to give pale mauve, white, pale brown, 
or yellow spots; only seven such miscellaneous compounds, all of which might 
be considered secondary amines (L-proline, histidinol, indoleacetonitrile, 
pyrrole-2-carboxylic acid, pyrrolidine carbohydrazide, uracil, and thiouracil), 
gave purplish spots. 

Isatin, like ninhydrin, is a spray primarily for alpha-amino acids. It reacted 
with all of the 26 alpha-amino acids studied except tyrosine-O-sulphate. The 
color given with most amino acids was a shade of blue, although a pink to 
mauve color was obtained with kynurenine, 3-hydroxykynurenine, pheny]l- 
glycine, 5-hydroxytryptophan, and 2-thiolhistidine. Isatin appears to be a 
more selective reagent than ninhydrin: it gave color with none of the pyrimi- 
dines, only one of the purines (orange with 6-methyl-2-hydroxypurine), and 
relatively few of the amines, keto acids, and miscellaneous compounds with 
which ninhydrin reacted, and it was positive with only three compounds 
(indole, indican, and 2,5-dihydroxyphenylacetic acid lactone) with which 
ninhydrin failed to react. Isatin, moreover, tended to give yellow or gray 
colors with the compounds other than alpha-amino acids with which it reacted. 
It gave a pink or mauve color with only nine non-amino acids and a blue 
color with only three. We have therefore found it of value in the presumptive 
identification of alpha-amino acids. 

Silver nitrate plus bromophenol blue (Ag—BPB) and mercury-dipheny]l- 
carbazone (Hg-DPC) are both reagents for purines; the latter reacts also with 
all the pyrimidines, most of the imidazoles and indoles, and about half of the 
pyridines studied, while the former reacts with relatively few of these other 
heterocycles. Both react also with about one-third of the benzenoid deriva- 
tives tested. Hg-DPC generally gives blue to red colors with the heterocycles 
and gives similar colors with 25 of the 34 benzenoid derivatives with which it 
reacts. Ag—BPB, on the other hand, also gives blue colors with the hetero- 
cycles but gives easily distinguished gray, white, or brown colors with 25 of 
the 27 benzenoid derivatives to which it is positive; exceptions are thyroxine 
and triiodothyronine. Ag—-BPB therefore has advantages in specificity for 
the detection of purines. 

Diazotized sulphanilic acid (DSA), diazotized p-nitroaniline (DNA), 
naphthanil diazo blue B (NDBB), 2,6-dichloroquinone chlorimide (DQC), and 
silver nitrate (Ag*) all react with so great a proportion of compounds of the 





TABLE III 


a 
Q 
Zz 
=) 
© 
& 
= 
° 
1S) 
Y 
& 
< 
= 
ro) 
% 
< 
4 
< 
& 
fea} 
% 
I 
Q 
ce) 
oO 
= 


Z'O— 02 0 8280] puke Buls Jad aurpor uO 03 O19z WIOIs BUIO3 ¢0'°0 F 600 SPPY'| 


Ajjeuorjdaoxq§ *quaseid Apeosje dnos8 peuorouny 0} -9 40 -Z Ut S208 [AXOIPAY Jt (| “Q> ) 882] aq 0} SUId—aS aBULYDT 


0} AXOQGsIeDIjOpuUl :SaAIVeALIap Prouszueq uy} 


“Bull Jad sautpor OM} 03 BuO WIOIy Bu103 


*Buld duazUaq pajnzIsqnsiy[NUI e UO PslYy? SI [AXOIPAY Buljeque J punoy aq Aur aBueyd ysy 
*JUBAIOS S14? UI (S9°O-+) BBuLYD aBse] & SMOYS NI]ADvaOpUl 
“BIAIIVALIIp aAs9e 40 NANIAG Ul SS USBOINU Buls YIM Saze[aYyS JO SajeBNfuocd Juan sqns ji Ajqeiapisuod pasies aq ALP, 





99-8 ‘s9-d “19-d 
‘Ltd ‘Lt-a ‘ola ‘Ol-d ‘6-a 
‘09-a 
‘6b-d 
‘ve-d 
‘ZEA ‘TE-A ‘Of-A “LZ ‘77-0 
‘OZ-d ‘61-d ‘L1-d ‘9t-d ‘bI-d 
“I-a ‘21d ‘TI-a ‘Ol-d ‘6- 
‘Sd “L-d ‘O-d ‘S-d ‘ba ‘f-a 
L1-0 *st-n ‘6€-A ‘8E-a ‘LE-d 
“OE-A ‘TE-A ‘8Z-A ‘77-A “12-4 
£70 ‘t-n 
“€8-a ‘Z8-A ‘18-d ‘89-d *49-a 
‘sb ‘bb-d ‘eb-d ‘8E-d ‘9f-a 
“s-d ‘ZE-a ‘€7-A ‘O7- ‘TI-d 
ern 
‘e-N ‘€8-d ‘O8-d ‘6L-d ‘89-d 
‘LO-@ ‘bb-d ‘€b-a ‘Ob-d ‘Se-a 
“ped “€7-A ‘TI ‘6-a ‘2-8 
68a 
‘88-1 ‘L8-€ ‘98- ‘S8-d ‘¥8- a 
¥9-d “£9-H “19 ‘ES-H ‘OS-A 
6-N ° 1-N ‘s9-d 
‘6b-d ‘8h-d ‘ST-d ‘II-d ‘6-d 
ZI-7N ‘6-0 ‘€-N ‘I-N 
08-d “Sl-a 
‘89- ‘L9-d ‘8S-a ‘Ss-d ‘st-d 
‘yh-d ‘eb-d ‘Ob-d ‘6E-d ‘87-a 
“pt-G ‘€@- ‘ZI-d *L-a ‘e-d 
SZ". ‘8I-N ‘17-1 ‘ZI-I ‘18-a 
‘OL-d ‘b9-a ‘OS-d ‘9b-A “EI-d 
$2-N “€z-N 
‘12-1. ‘TE- “OI-N ‘St-d “bI-d 
‘ZI-d ‘8-d ‘I-d ‘6-N ‘8-N 
£-N ‘OZ-I “6t-I ‘OTT “StI 
‘II ‘SI ‘LL ‘SL-a ‘8S-d 
@ ‘$S-d ‘Of-d “87-d ‘L7-a 
cI-M 
‘E-M ‘LI ‘T-T “bL-8 “87-4 
v2" ‘2o-N ‘02-0 
‘91-0 ‘6 ‘6-0 ‘06-d ‘S8-d 
‘OS-d ‘Se-a ‘9e- “6Z-A ‘€Z-A 
‘OZ ‘61-a ‘TI-d ‘6-a ‘L-d 
€t-I ‘20-1 ‘8-1 
‘Il ‘OS-@ ‘ee-d *Ze-a “L7-d 
8I-N ‘LI-N ‘bT-n ‘OT-n 
‘If ‘OS-d ‘Ee-a ‘ZE-A ‘L7-a 


z70- 90 


(queysu0oUT) 
10FZ'0- 
z‘0- 


$0'0+ 


$0'0F 
s0°0 + $0°0+ 
T'OFt O- 
1°0 99 200+ 
7°09 1'O+ 
1 0F0 


$0'0F0 
£0'°0 + £0°0+ 


s0°0F0 


$'0F0 
7°09} T'0-—- 
*$0°0FS0'0— 


£°0— 90 


§so'0 FI '0— 
1°0 93 s0'0— 


$0'0F 


$0°0 + 


|jaBueyo apy 
(jue 3su0dU!) 
Z°O— 93 T'O0+ 
T'0F0 
Z°0 93 SO'O— 3q 
Aew yng 1°0 03 
$0°0+ Ajrensy) 
(jueysu0ou!) 
Z'OFT'O+ 


$0°0+S0°0+ 
Z0°0 + $0°0+ 


$0°0 + $0°0+ 


$0'0 + #0'0— 
Ol'oFF 0- 
*ST 093 T'O— 


(jueysuosul) 
OF 0 9} 40 '0— 


(que}su0su!) 
1O0FZ'0- 
z’0— 970 


asuey 31331] 


+1°OF 


¥'0FL°0- 
(jueysuoou!) 

y'0-— 90 
of°0+ 


(que}su0oUuT) 
£°0+ 930 
(queysuosul) 


yonu se aq Aeur 
nq T'O+ Ajrensp 
z'0+ 970 
$0°0 ¥ $0°0+ 


$0°0 + $0'0+ 
so 0F¢'0- 
*T O- 


£°09 T'0- 


$t 
s0'0F1'0- 


$1°0 93 1'0- 


$0°OF 


$0'0F 


$0°0+$S0°0+ 
1 OFT'O- 
90°0- 
(que ysu0su!) 
$Z'0+ 970 
(jueysu0sul) 
Z°0F7'0+ 


s0'0F 1°0+ 
z20°0 + $0°0+ 


s0'OF T'0+ 


$0'0F0 
st‘oFsS'0- 
1'0+S90'°0—- 


dnoiz aurure Bull jo uononposjuy 


Suli euazueq uo dnois 
[AxospAy jo uorjonpoljuy 
dnoi3 HOHO” 
07 FHO* Jo uonepixoO 


dnoiZ Axoyjeuwl jo uojONpoNuy 


dnoi3 
—HO=HO— Je voronposuy 


Juanz17sqns auIpor jo UOT}INponU] 


(@UJDATZ YA) UOT}eUTIOJ apiMy 
(RyuouluTe YIIM) UO!}BUIOJ apiury 


uonepAywW-O 
UOI;R[AMLIOJ 
40 UOT}B[AIWY-N 


(aurmre Are13I93 03 
Arepuosas) uorjepAyyA-N 


(aulure Arepuoses 03 
Aleultid) uonepAqiap-N 
uoqied uo dnois —2p79¢HD 
40 —£}{D jo uorjonpoljuy 
dnois jeuoyjouny 
uleyo-apIs pue Burs 
uaamjaq sdnois —2}79— Jo 
uoT}IpPpe ‘a"t ‘ssojowrozy 
Buri |Auayd 40j 
[Ajozeprun jo uornzsqns 
Bult JAuayd Joy 
[AJopul-¢ jo uornzWsqns 





(QI 2198] 0} Jaje1 ssaquinu) 
sisAyeue ul pesn spunodulo; 


(9:01) 


HO'HN N $°0/HOOD4d-# 


(EE EZ) 


O*H/*H*D/HO"d/HOPW 


(E18) 
O*H/*HN/HO4d*# 


(LT) 
O*H/HO°V/HONd 





uoneea yeinjonsis 


:Ul pa}edxe oq Aevul yoIyM aBueyd Jy 








(s)4y SAIVRI9I UO SUOTZEIILA [BINJONAYS apZurs jo ayy 
Ill ATAV.L 














626 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL, 39, 1961 


various types studied that comments on their specificity are of little use. 
Some notes on the color differences found with variously substituted benzenes 
may, however, be of interest. Ag+ appears to give brown or black colors 
(which depend upon reduction of the Ag* by oxidizable compounds) only with 
benzene rings substituted by at least two functional groups of the hydroxyl, 
primary amine, carboxyl, olefin, or hydroxymethyl type; methoxy groups do 
not appear to contribute to the reactivity towards silver nitrate. All the 
compounds examined, which fall into the group so defined, reduced Ag* 
except for the monohydroxybenzoic acids. The only benzene derivatives 
outside of the defined group which reduced Agt were phenylpyruvic acid, 
p-hydroxyphenyllactic acid, ephedrine, and some (but not all) monohydroxyl- 
ated phenethylamines (such as hordenine, o- and p-tyrosines, and p-tyramine. 

DSA, DNA, NDBB, and DQC all tend to react with benzene rings activated 
by groups such as hydroxyl, amino, aminoethyl, or aminomethyl. Methoxy, 
carboxy, and acrylyl groups do not appear to activate the ring for reaction. 
Examination of the data for monohydroxylated benzoic, cinnamic, phenyl- 
acetic and hippuric acids, phenethylamines, and phenylalanines suggests that 
the p-hydroxylated derivatives generally give darker colors (orange to red) 
with DSA than do the corresponding o-hydroxylated derivatives (pale yellow 
to orange); the two types of derivatives generally give about the same color 
with DNA or NDBB with a slight tendency towards darker colors for the 
para derivatives with DNA; and there seems to be no consistent pattern with 
DQC. 3,4-Dihydroxy compounds tend to give yellow or orange colors with 
DSA, pale yellow, orange, or brown with DNA, brown with DQC, and widely 
varying colors with NDBB. 
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AUTOMATIC SCANNING OF PAPER STRIP CHROMATOGRAMS 
OF I'*!-LABELED COMPOUNDS! 


WILLIAM J. SCHINDLER? AND CLAUDE FORTIER? 


Devices for automatic scanning of paper radiochromatograms are available 
for the detection, by means of Geiger—-Miiller tubes or ionization chambers, of 





Fic. 1. 


showing shielded crystals and phototubes, combined ratemeter and power supply unit, and 


rectilinear recording milliammeter (designed and built by Mr. W. D. West, Department of 
Radiology, Baylor University College of Medicine). 


Dual scintillation detector-strip recording assembly for 6 and y radiations, 


'This investigation was supported by the United States Air Force under contract No. AF 


49(638)-384, monitored by the Office of Scientific Research of the Air Research and Develop 
ment Command. 


*Present address: Department of Neuroendocrinology, Institute of Psychiatry, Maudsley 
Hospital, Denmark Hill, London, S.E.5, England. 


*Present address: Laboratoires d’Endocrinologie, Département de Physiologie, Faculté de 
Médecine, Université Laval, Quebec, Que., Canada. 
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Fic. 2. Block diagram of apparatus shown in Fig. 1 including projection of cesium 
iodide, thallium-activated crystal. 











emitters of soft (easily absorbable) radiations (e.g. 2) (1-5). Adequate resolu- 
tion is then achieved by collimation with little loss of counting efficiency. A 
problem arises, however, with isotopes emitting hard (penetrating) radiations 
(e.g. y), when the necessary thickness of the collimating shield would be such 
as to interfere seriously with the sensitivity of the counting device. 

To obviate this difficulty, the scanning apparatus shown in Fig. 1 was 
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Fic. 3. Relationship of recorded peak area to radioactivity. 
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developed, according to our specifications, by Mr. W. D. West, Department 
of Radiology, Baylor University College of Medicine, for the simultaneous 
detection of the @ and y radiations emitted by I'*'-labeled compounds. 
Excellent sensitivity and resolution are achieved by means of two lead- 
shielded, narrow cesium iodide, thallium-activated scintillation crystals facing 
each other and coupled to phototubes (Fig. 2). The narrow width (3 mm) of 
the crystals allows adequate resolution without recourse to collimation and 
consequent loss of sensitivity. Sensitivity to @ and y radiations is further 
enhanced by the use of crystals (0.4-0.5 mm apart) on both sides of the strip, 
and in close contact with the latter. 
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Fic. 4. Radioautograms and strip counter scannings of I'*-labeled standards (T*: 
L-thyroxine; T*: 3,3’,5-triiodo-L-thyronine; DIT: 3,5-diodo-L-tyrosine; MIT: 3-monoiodo- 
L-tyrosine; I~: inorganic iodide), showing correspondence of radioactive zones and peak 
areas in three different descending chromatography systems. 
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Strips taped end-to-end and mounted on a reel are fed at a selected constant 
speed, synchronized with that of the recording scanner (rectilinear recording 
milliammeter, Texas Instruments Incorporated), between the two crystals. 
























632 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 39, 1961 


Appropriate adjustment of voltage, gain, and baseline ensures negligible 
background and optimal peak amplitude. Peak areas, determined by plani- 
metry, are converted to radioactivity by reference to a standard curve (Fig. 3). 

As shown in Fig. 4, good correspondence was observed between the zones of 
activity evidenced by radioautography and the peaks of the scanning records. 
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Symposium on Mast Cells 


This symposium was sponsored by the Canadian Federation of Biological Societies and was 
held in the auditorium, Agricultural Building, University of Manitoba, on June 10, 1960, during 
the Annual Meeting of the Federation. The Federation Symposium Committee was headed 
by Professor Mark Nickerson, who also chaired the meeting. 


TISSUE MAST CELLS: DISTRIBUTION AND SIGNIFICANCE! 


JAMEs F. RILEY 


Nearly a century ago von Recklinghausen (1) observed granular cells in 
the unstained mesentery of the frog. Some twelve years later the anatomist 
Waldeyer (2) included von Recklinghausen’s cells in a heterogeneous collection 
of granular cells which he named ‘embryonal’ or ‘plasma’ cells (Fig. 2). 
Meanwhile, Waldeyer’s own pupil, Ehrlich (3), had become interested in the 
novel technique of staining tissues for histological identification. By virtue of 





! L$ Fe 
Fic. 1. A reproduction of first sketch, made by Ehrlich, while he was still a medical 


student (3), of granular perivascular connective tissue cells with ‘specific affinities’ for 
certain basic dyes, later to be named ‘Mastzellen’. 


‘Manuscript received September 6, 1960. 

Contribution from the Radiotherapy Department, Royal Infirmary, Dundee, Scotland. 
This paper was presented at the Symposium on Mast Cells, Canadian Federation of Biological 
Societies, University of Manitoba, Winnipeg, Manitoba, on June 10, 1960. 
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the strong affinity of their granules for basic dyes Ehrlich (3, 4) came to 
recognize a clear and distinct subgroup of Waldeyer’s embryonal cells which he 
named ‘Mastzellen’, choosing the name in the belief that the cytoplasmic 
granules are the products of good feeding (‘mastung’) in certain fixed cells of 
the connective tissues (Fig. 1). 


Fig /. 


fig. ? 





’ aa 3 j 


Fic. 2. Ehrlich’s own teacher, Waldeyer (2), had previously observed this type of 
cell, shown here in a tissue spread of rat dura mater, but had failed to differentiate it from 
other granular cells. These are obviously mast cells. Note type of vessel and loose peri- 
vascular distribution of the mast cells. 


Ehrlich pointed out that mast cells normally tend to be concentrated around 
preformed structures which traverse the connective tissues: ducts, nerves, 
and especially blood vessels. He also described two important features of the 
granules, their ability to alter the shade of the basic dye (‘metachromasia’), 
and their solubility in water. Looking back on the event, we can discern in 
this, his first investigation, the origins of Ehrlich’s lifelong search for dyes 
and drugs with specific affinity for the bacterial cell: for it was Ehrlich who 
formulated the doctrine of chemotherapy and achieved its first success with 
Salvarsan, ‘606’. 

Our knowledge of the pharmacological“components of the mast cells has 
expanded since Ehrlich’s day. This will be dealt with by other contributors 
to this symposium. Meanwhile, we may profitably examine the distribution 
of the tissue mast cells in normal and pathological states. No theory of mast 
cell function can be valid which does not rest easily within this framework. 
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Mast Cells in Lower Organisms 


lf we accept the definition of the tissue mast cell as a connective tissue cell 
capable of elaborating basophilic metachromatic granules in its cytoplasm, we 
can clearly recognize mast cells in organisms far down the evolutionary scale 
of development. 

Among the invertebrates, mast cells may readily be demonstrated around 
the blood vessels of crustacea: for example, they can be stained ‘in vivo’ by 
injecting a drop of toluidine blue into the primitive heart or pericardial sac 
of the crayfish (see Hardy (5)). They are common in the lower vertebrates and 
can be seen today, as von Recklinghausen originally saw them, in the mesentery 
of the frog or in the peritoneal membranes and loose connective tissue of other 
amphibia. The tissues of many species of fish are teeming with mast cells. 
Michels (6), who summarized the pertinent literature up to 1938, describes 
and depicts mast cells in the peritoneum and swim bladder of the carp. More 
recent information on mast cells in lower organisms may be found in the many 
excellent publications by Arvy (for references, see Riley (7)). 

Mast cells are common in the tissues of most higher vertebrates. Two 
examples of their distribution may be given: rat and cattle. The precise 
relationship of mast cells to blood vessels is well seen in stained tissue spreads 
of subcutaneous tissue and peritoneum of the rat. The cells are especially 
abundant around blood vessels with one muscle coat or more and a well- 
marked adventitia; indeed, it seems to be the extent to which the vessel is 
equipped with an adventitial coat which determines the density of its mast 
cell population. Mast cells are common in serous membranes other than 
peritoneum. In cattle, for example, they occur in pleura, peritoneum, and 
other organ capsules, where they often bear no obvious relation to the blood 
vessels. ; 

Finally, mast cells are always common in loose well-vascularized connective 
tissue generally, especially in localities subject to considerable movement— 
around joints, between muscle bundles, at the base of the tongue, and in the 
submucosa of the stomach. 

Here, then, are some of the many sites in which mast cells are normally 
found. One can well appreciate Ehrlich’s original view that they are function- 
ally related to the connective tissues, and we may well enquire what is common 
to blood vessels, serous membranes, and loose connective tissue which deter- 
mines their high content of mast cells. 


Mast Cells in Pathological States 


Dense aggregates of tissue mast cells are seen in only two pathological 
states: urticaria pigmentosa in man and mast cell tumors in domestic animals. 
It is now realized that urticaria pigmentosa may occur either as a local 
condition (confined to the skin), or as part of a more generalized mastocytosis 
dispersed throughout the body (see Sagher (8)). In both types, the skin 
lesions, when traumatized, display an exaggerated ‘triple response’ which, as 
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will be described elsewhere, has led to interesting developments in our knowl- 
edge of the chemical constituents of the mast cells. 

Tumors composed of mast cells arise mainly in dogs, less commonly in cats, 
cattle, and mice. As in urticaria pigmentosa, the condition may manifest 
itself as a localized skin nodule or as part of a more generalized disorder whose 
pattern of distribution suggests involvement of the reticulo-endothelial system 
(Riley (7)). 

However, it is in the inflammatory reaction that we can observe something 
of the dynamic role of the mast cell in the organism, for here it is the normal 
mast cell population which is reacting to injury. 

It has been known since the time of Ehrlich that tissue mast cells temporarily 
disappear in acute inflammation, only to reappear in increased numbers in the 
reparative phase characterized by fibrosis. If the chronic inflammation be 
prolonged or exaggerated, as in many granulomatous conditions, in elephan- 
tiasis, and in keloid, then the mast cell reaction may become extreme. In some 
way the mast cell reaction and fibroplasia are interlinked. 


Theories of Mast Cell Function 


Morphological considerations, cited above, suggest that the mast cell 
participates in the local tissue response to trauma. Any hypothesis purporting 
to explain the function of the mast cell under these conditions must also be 
consistent with the pattern of distribution of mast cells around blood vessels, 
in avascular serous membranes, and in the loose connective tissues generally. 
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Fic. 3. The mast cell cycle. A hypothetical scheme relating the mast cell functionally 
to the connective tissue. Intercellular ground substance is formed by the connective 
tissue cells themselves. Once it has served its purpose its building blocks are stored in 
altered form (heparin) in the granules of tissue mast cells. Trauma releases the granules, 
which are promptly digested by connective tissue cells preparing to secrete fresh ground 


substance. According to this scheme the overspill of heparin into the blood is something 
of an accident. 
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Many workers (cf. Sylvén (9), Asboe-Hansen (10)) have sought to link the 
mast cell with the production of intercellular ground substance, as originally 
suggested by Staemmler (10). In this view the metachromatic granular 
material is a precursor of intercellular hyaluronic acid. 

To the writer it seems more probable that the mast cell participates some- 
what later in a sequence of events which recapitulates, on a local scale in the 
adult, the more general production and storage of mesenchymal ground 
substance in the embryo. 

In this view (see Riley (7)), the cycle begins with the production of muco- 
polysaccharide by the mesenchymal cell itself: fibroblast, mesothelial cell, or 
synovial cell. Functionally, the secretion is concerned with the lubrication of 
surfaces or the orientation of collagen fibrils in the tissue spaces. As the 
fibrils become aggregated into bundles, the now superfluous mucopolysac- 
charide is removed enzymatically and its breakdown products are rebuilt and 
stored in the granules of tissue mast cells (Fig. 3). 

In the event of fresh trauma and a renewed local inflammatory response 
such granules can again be released, to be ingested and digested by nearby 
connective tissue cells and so re-enter the cycle. As Maximow (12) observed, 
the adventitia of small blood vessels is rich in undifferentiated mesenchymal 


cells capable of development along various lines. One such line is the tissue 
mast cell. 
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BIOSYNTHESIS AND STORAGE OF HISTAMINE, 
HEPARIN, AND 5-HYDROXYTRYPTAMINE IN THE MAST CELL! 


PAUL HAGEN 


It has been known for almost a decade that in certain tissues which contain 
large amounts of histamine the histamine is stored within intracellular particles 
and not free in solution in the cell cytoplasm (1, 2, 3). Thus when homogenates 
of dog liver, a tissue with a high histamine content, are subjected to differential 
centrifugation the histamine is found almost exclusively in the so-called mito- 
chondrial fraction (3). The possibility was early entertained that the histamine 
might not be stored in true mitochondria but rather perhaps in special storage 
granules distinct from mitochondria but with similar sedimentation properties. 
As methods for exploring this possibility were not available at the time, the 
isolated subcellular fraction containing both mitochondria and histamine was 
referred to as the “large granule fraction”’ (4, 3). 

That the histamine stored within the large granules is biologically inactive 
was readily shown by the absence of a depressor response on the intravenous 
injection into a cat of a suspension of the granules in isotonic media (3). 
However, lysis of the granules by the addition of distilled water or by the 
addition of certain basic compounds such as octylamine or 48/80 could cause 
quantitative release of free, biologically active histamine (2, 3). The retention 
of histamine in a biologically inactive form within these particles may explain 
the presence in the body tissues of such large quantities of extractable histamine 
as could be lethal if injected. The phenomenon of release of histamine from 
the granules by distilled water supported the idea that the histamine-storing 
granules were in fact mitochondria, as it was already known that mitochondria 
swell and rupture when suspended in distilled water (5). 

Evidence that the histamine-storing granules might be different from mito- 
chondria appeared soon after the demonstration by Riley and West that, like 
heparin, histamine is largely stored in tissue mast cells (6). Mota and his 
colleagues (7) pointed out that, far from being a homogeneous tissue, liver 
contained an exceptionally large number of mast cells. They reported the 
presence of basophilic mast cell granules in the large granule fraction prepared 
by differential centrifugation of liver homogenates, and obtained some fractions 
composed principally of mast cell granules, which contained large amounts of 
histamine (7). 

1Manuscript received September 6, 1960. 

Contribution from the Department of Biochemistry, University of Manitoba, Winnipeg, 


Manitoba. This paper was presented at the Symposium on Mast Cells, Canadian Federation 
of Biological Societies, University of Manitoba, Winnipeg, Manitoba, on June 10, 1960. 
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In view of the well-known presence of basophil granules in mast cells, the 
question was asked whether these granules represented morphologically modi- 
fied mitochondria, which in addition to having the usual mitochondrial func- 
tions also served as storage granules for histamine, or whether mast cells 
contained, in addition to basophilic granules, mitochondria, morphologically 
and functionally similar to those found in most other tissues? If so, which of 
the two organelles stored the histamine? 

The former question was quickly disposed of when electron microscopy of 
intact tissue mast cells revealed the presence of both typical mitochondria and 
larger, densely osmiophilic granules peculiar to the mast cell (8, 9). It became 
possible to determine quite simply which of these granules actually contained 
the histamine when Furth (10) discovered a highly differentiated, slowly 
growing, transplantable mast cell tumor, which contained greater amounts of 
histamine, heparin, and also 5-HT (5-hydroxytryptamine) than had hitherto 
been reported in any tissue. Incidentally 5-HT is present in mast cells of no 
other species than rats and mice (11). This tumor provided for the first time a 
regular source of mast cells uncontaminated by other types of cell. Electron 
microscopy of the tumor revealed the presence of both mitochondria and 
uniformly dense granules, and differential centrifugation studies demonstrated 
that the histamine, heparin, and 5-HT were all three concentrated in the 
isolated large granule fraction.” 

When the technique of density gradient centrifugation, which had proved 
useful for the separation of chromaffin granules from mitochondria of adrenal 
medulla, was applied to the mastocytoma tissue it was possible to separate the 
mitochondria and the basophil granules and to obtain virtually uncontaminated 
preparations of each type of particle (Fig. 1) (12). The basophilic granules 
contained the heparin, histamine, and 5-HT of the mast cell and were devoid of 
such characteristic mitochondrial enzymes as fumarase, amine oxidase, and 
succinic dehydrogenase. The mitochondria, on the other hand, were devoid of 
histamine, heparin, and 5-HT but exhibited high fumarase, amine oxidase, and 
succinic dehydrogenase activity (12). 

The storage of pharmacologically active amines within a special storage 
granule is not unique to the mast cell. In adrenal medulla, the adrenaline and 
noradrenaline are similarly held in a biologically inactive form within the 
chromaffin granules, which are both morphologically and _ biochemically 
distinct from mitochondria (13). 5-HT is similarly located in specific granules 
in the enterochromaffin cells of the alimentary canal (14). A major difference 
between chromaffin granules and the basophilic mast cell granules is in size; 
whereas chromaffin granules are smaller than mitochondria, the basophilic mast 
cell granules are larger than mitochondria. 

In the search for a function which masf cells might have it was natural to 
inquire whether histamine, heparin, and 5-HT were synthesized within the mast 
cell or whether, after having been manufactured elsewhere in the body, they 
were subsequently taken up by the mast cells. In other words, are mast cells 
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Fic. 1. On the left an electron micrograph of isolated mast cell mitochondria and on 
the right an electron micrograph of isolated mast cell storage granules. (Courtesy of 
Dr. R. J. Barrnett.) 
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the source of tissue histamine and the offending cells in conditions where 
histamine is released to produce its unpleasant effects, or do mast cells have a 
special function to remove histamine and 5-HT and heparin made elsewhere 
and thus protect the body from the ill effects of free histamine? A search in 
mast cell tumor tissue for the five well-established mammalian amino acid 
decarboxylases revealed the presence of three, namely 5-HTP (5-hydroxy- 
tryptophane) decarboxylase, dopa decarboxylase, and histidine decarboxylase 
(15). Thus, there is no doubt that the mast cell has the capacity to synthesize 
all three amines, 5-HT, histamine, and dopamine. When the intracellular 
distribution of these enzymes was investigated they were all found not within 
the granules which stored the histamine and 5-HT but only within the non- 
particulate component of the cytoplasm (15, 16). Thus, it is probable that, in 
the living mast cell, histamine and 5-HT are synthesized in the fluid cytoplasm 
and are then taken up by the basophil granules for storage. 

Comparison of the relative activities of dopa decarboxylase, 5-HTP de- 
carboxylase, and histidine decarboxylase showed that in all mast cell prepara- 
tions examined the dopa decarboxylase activity far exceeds the activities of the 
other two decarboxylases. Despite this high activity careful search failed to 
reveal the presence of even traces of dopamine in the mastocytoma tissue. 
This absence of dopamine could be explained by the presence of an amine 
oxidase in the mast cells, which actively oxidizes dopamine but is unable to 
oxidize 5-HT (17). There is no histaminase in the mast cell tissue (17). As it is 
now fairly generally accepted that dopa decarboxylase and 5-HTP decarb- 
oxylase are one and the same enzyme (18, 19) it would seem that the mast cell 
is assured of the presence of only one of the products of this enzyme, namely 
5-HT, by having the amine oxidase to destroy any dopamine as it is formed, 
while conserving within its basophilic granules the other product of this enzyme, 
5-HT. As 5-HT is found within the mast cells of only rats and mice (11) it 
would be interesting to know whether the amine oxidases of mast cells of other 
species can destroy any 5-HT in addition to the dopamine formed by the 
activity of this enzyme or whether the mast cells of other species lack altogether 
the 5-HTP — dopa decarboxylase. 

It has recently been shown that in addition to 5-HT and histamine heparin, 
too, can be synthesized by the mast cells (20). Although the intracellular site 
of the final steps in this synthesis are still not certain, evidence that incorpora- 
tion of sulphur into polysaccharides is effected by enzymes in the non-particu- 
late cytoplasm of the mast cell (21) suggests that this is the site of the heparin 
synthesis. 

It is probably safe to conclude that the basophilic granules of the mast cell 
represent a special intracellular organelle, the function of which is to take up 
the histamine, heparin, and 5-HT synthesized in the non-particulate cytoplasm 
of the mast cell and to store them in a biologically inactive form. It still 
remains a mystery how or why these granules may at times escape from the 
mast cell or release their histamine and other contents under the provocation of 
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certain immunologic reactions. Probably answers to these questions will not be 
forthcoming until we have some inkling of the physiologic functions, if any, of 
histamine, heparin, and serotonin or until more information is available about 
the origin, life-span, and fate of mast cells in the body. 


— 
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HEPARIN AND THE MAST CELL 
PANEL DISCUSSION 


L. B. JAQUES 


The relationship of heparin to the mast cells was suggested for the first time 
in 1937 by Prof. Erick Jorpes of Stockholm. This was based on his discovery 
that heparin produced in vitro, the same phenomenon that had long been 
associated with the identification of mast cells by histologists, namely a change 
in color of the basic dye, toluidine blue (1). I presume that my assignment on 
this panel is to summarize the evidence linking heparin and the mast cells. 
Since Jorpes’ initial identification was due to the reproduction of metachromasia 
in the test tube with heparin, I will first review our knowledge of this reaction 
to see if it agrees with what is seen with mast cells. Secondly, I will review our 
knowledge of heparin itself as a basis for identification. Finally, I will review 
the evidence from distribution studies, relating what the histologist sees under 
the microscope as metachromasia and which he may call heparin and what we 
on the other hand extract from the tissue and define as heparin in biochemical 
terms. Obviously the frequently repeated statements regarding the inter- 
changeability of the terms, heparin and mast cells, must rest on identification 
of two distinct phenomena observed by separate disciplines. 


Metachromasia with Heparin 


We define this as a change in color of certain basic dyes when heparin is added 
to these dyes at a pH value below 9.0. As shown in Fig. 1, azure A is a blue dye 
but when heparin is added, it develops a reddish color. This is also seen when 
dextran sulphate is added to the dye. In tissue staining, different shades of 
red and purple (the alpha, beta, gamma types of metachromasia) are observed. 
These can also be seen with dye and heparin in solution, depending on the 
physical and chemical conditions under which the test is conducted, and with 
related substances. Excess heparin gives purple. Heparin monosulphuric acid 
gives a blue purple, as do the mucoitin and chondroitin sulphuric acids, e.g. 
8-heparin. These do not give the true red (y-metachromasia) found with 
heparin. In solution metachromasia due to heparin can be suppressed by 5% 
sodium chloride or 20% alcohol. Certainly, the latter suggests immediately a 
difference to the histological situation, where staining for metachromasia is 
often done with alcoholic solutions of the dye. It is also important to emphasize 
that azure A and similar dyes act as pH indicators in the extreme alkaline range 
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and give a red color at pH values above 10. This is not metachromasia but it is 
mistaken for metachromasia by some workers and in some methods. 

Metachromasia occurs with many dyes. When heparin was added to a 
number of dyes (3), these showed the following changes in color: Bismarck 
brown (orange changed to yellow), azure A (blue to red), brilliant cresyl blue 
(blue to purple), cresyl violet (blue to purple), bromcresol blue (blue to purple), 
Nile blue sulphate (greenish blue to reddish blue), neutral red (at pH 6-7, red 
to orange), basic fuschin (a shift in the red color), pyronin (the pink solution 
lost its fluorescence), acriflavin (lost its fluorescence). Hence, metachromasia 
due to heparin was demonstrated with azo, thiazin, oxazin, azin, triphenyl- 
methane, and acridine dyes. No metachromasia was observed on the addition 
of heparin to chlorazol fast pink, Biebrich scarlet, malachite green, and eosin. 
These results were similar to those obtained with other polymers by Bank and 
Bungenberg de Jong (4), who concluded that the only requisite was (for a 
colloidal anion) the presence of a free amino group in the dye. 

The effect of dye structure on metachromatic activity was further illustrated 
in the thiazin dye series, using certified stains, supplied by Dr. H. J. Conn of 
the Commission on Biological Stains and checked spectroscopically. Thionin, 
azure C (monomethyl thionin), azure B (trimethyl thionin), and methylene 
blue (tetramethyl thionin) gave no metachromasia whatever. On the other 
hand, azure A (unsymmetrical dimethyl thionin) gave marked metachromasia. 
Toluidine blue (dimethyl ortho methyl thionin) showed only a trace of meta- 
chromasia, when the certified stain was used. However, two commercial 
samples of this dye showed marked differences in this regard. An old sample 
of the dye (Grobler) showed very high metachromasia whereas a more recent 
preparation (British Drug House) gave practically none. Conn (5) states that 
on storage a shift in the absorption spectrum of toluidine blue occurs, as a 
result of which it becomes indistinguishable from azure A. It appears likely 
from the results of an examination by us of a number of samples that such a 
shift is responsible for the appearance of metachromatic properties, i.e. meta- 
chromasia of toluidine blue is due to the azure A present. These azures neutral- 
ized the anticoagulant activity of heparin, in proportion to the number of 
primary amino groups but no difference in power to neutralize heparin was 
found between the metachromatic and poorly metachromatic samples of 
toluidine blue. 


The Change in the Absorption Spectrum of the Dye 


The shift in the colors of the different dyes, on the addition of heparin 
described above, is in the order blue, violet, red, orange, yellow; and as the 
colors observed are the complementary colors, it will be appreciated that the 
actual phenomenon is a shift in the absorption band to a shorter wave length. 
This rule was also followed by pyronin and acriflavin. Pyronin lost its fluores- 
cence with a “‘black light’’ source on the addition of heparin, but still fluoresced 
with a quartz mercury vapor lamp giving radiations below 420 mp, thus 
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PLATE 1 


AZURE A 


+ Dextran + 86 + 
Sulphate Heparin NaOH 


AZURE A & HEPARIN 


1 10 + + 
mgs. NaCl EtOH 


mg. 


Fic. 1. Metachromasia with azure A. 
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indicating a shift in the absorption band in the ultraviolet. 

When the reaction was examined in the spectrophotometer (cf. 3), it was 
found that the absorption band of azure A at 610 my was displaced to 510 my 
on the addition of heparin. There was a stoichiometric relationship between 
dye and heparin so that as the amount of heparin increased, the absorption at 
610 my correspondingly decreased, and that at 510 my increased. This gave a 
series of absorption spectra with different concentrations of heparin, showing a 
node at 555 mp. However, complete suppression of the 610 my band with 
complete replacement by the 510 my band was never achieved. One reason for 
this was that when there was an excess of heparin present, the system changed 
again and the absorption band moved back into the red region of the spectrum 
with further increase in heparin concentration. The reaction was quite sensitive 
to temperature and the absorption was greater at 0° C than at 20° C and at 
ae" <.. 

With regard to the nature of the reaction, it is first of all a reaction between 
the basic amino groups of the dye and the acid groups of the heparin. This has 
been established by collecting the precipitate formed with heparin and dye, 
showing it contained both constituents and that the corresponding amount of 
inorganic anion and cation had been removed from the respective complex 
cation and anion. Also as shown previously, azure A is an effective competitor 
for heparin, inhibiting its anticoagulant activity on the basis of the free amino 
groups. The combination of heparin with complex bases, including dyes, 
appears to follow a simple mass law relationship. However, the color change 
involves more than a simple combination because (a) of these dyes only a few 
show the actual color change; (6) the color change can be suppressed by alcohol 
and acetone, which do not interfere with the actual combination of heparin 
and dye and in fact can be used to precipitate out the compound; (c) the color 
can be suppressed by excess heparin; (d) the metachromatic color depends not 
only on the exact proportion of dye and heparin but also on the absolute 
concentration of the reactants in solution. These blue dyes are reddish in the 
solid state and it has been suggested that the red color is due to polymerization 
of the dye molecules in concentrated solution. It is assumed that in very dilute 
solution the mucopolysaccharide provides a surface on which attachment of 
several dye molecules in solution adjacent to each other allow formation of 
secondary valency bonds, such as hydrogen bonds, to form the polymers 
responsible for the color in concentrated solutions. Alcohol and acetone sup- 
press such secondary bonds and this explains the change in color without 
interference with compound formation. Sodium chloride and particularly 
higher valency inorganic ions interfere with the primary valency bonds respon- 
sible for the initial compound formation. 

It was early realized that these observations of the reaction of heparin with 
dye in vitro showed marked discrepancies with what was known of the staining 
properties of the material in the mast cells observed by histologists. In recent 
years, Bell (6) has done extensive work on paper chromatography of heparin. 
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In doing so Bell has made very interesting observations on the metachromatic 
reaction with heparin on paper. In many ways what is observed in the chroma- 
togram is much more like what is observed by the histologists in tissue section. 
Staining of the chromatograms is done with a solution of the dye in 70% alcohol. 
This results in immediate development of metachromatic color just as is the 
case in the tissue section whereas, as I have already indicated, alcohol interferes 
with the color in vitro. Also, the metachromatic color shown by heparin with 
azure A on paper is a very distinctive bright red not really comparable to what 
is seen in vitro and comparable to that described by Michels (2) and called 
gamma metachromasia by Sylvén and others. Chondroitin sulphate and similar 
compounds while showing metachromasia show a color that is so different that 
it can easily be distinguished from the true heparin color. However, this 
second color observed on paper is comparable to that frequently termed as 
metachromatic in histological sections. It is evident then that the meta- 
chromatic staining with heparin depends to a great extent on the physical state 
of the reactants and that what is observed in pure solution does not necessarily 
reflect what is observed with a high local concentration in a two-phase system 
as occurs in the chromatographic paper or in the tissue section. 


Heparin 

As I have indicated, heparin is defined in biochemical terms (6). As shown 
in Table I, it is a mucopolysaccharide isolated from tissue which can be isolated 
and identified as a crystalline barium salt with a well-defined chemical com- 
position (S, N, optical rotation), a specific anticoagulant activity (depending 
upon the species), and specific metachromatic activity. In addition, the various 
salts of heparin can be characterized by their solubility properties in water, 
alcohol, etc., while the marked ability of heparin(s) to combine with many 
proteins and complex bases and alter their physical and biological properties 
give further specific tests. In these respects, the heparins (termed by Jorpes 
the trisulphuric acids) are distinctly different from the chondroitin sulphuric 
acids A and B and from the mucoitin sulphuric acid, known as heparin mono- 
sulphuric acid. Because of the high percentage of base and water present in 
heparin, potency figures will change with the nature of the salt and the water 
content and should be corrected for these. Unfortunately, there is no property 
of heparin, even its anticoagulant activity, which is not shared by many other 
substances. It is only distinguished in this regard by its very high specific 
activity and this requires isolation. Heparin is a trace substance in the body. 
In the dog, which probably has had the most extensive workup, the total 
amount of heparin is of the order of 40 mg. This means that large amounts of 
tissue must be processed for identification... 

An important point about heparin is that the isolated substance shows 
definite differences between species as regards anticoagulant activity. This has 
been completely documented and established by Jorpes and Winterstein as 
well as by ourselves. As shown for dog, beef, pork, and sheep heparin there is a 
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TABLE I 
Analytical data on heparin 
Potency (units/mg) Analytical data id 
% % % % 
AC AT U.S.P.xv* Met. S N falp® base water 

Beef 

Acid, Ba salt 100 90 92 10.7 1.9 +45 19.6 15.2 

Neutral, Na salt 127 113 100 123 - +42 10.9 i 

Acid, NH, salt 133 127 _— - m.2 7.7 +55 v2 7.3 
Beef (154 153 122 150 13.8 2.5 +55 
Dog | 341 225 171 158 14.0 2.9 +56 | 
Pork Tt) 66 75 81 147 14.0 2.2 +53 >; 
Sheep | 31 63 59 166 144.7 2.6 +53 
Rat | 58 _- 96 123 tS ae Pe } 
Chondroitin sulphate B 4 2 2 39 - ae —52 7.8 14.8 





Note: AC = anticoagulant assay (Howell); AT = antithrombin assay; U.S.P.xv = recalcified plasma assay; 
MF urnished by MG Te eee y bony Health and Welfare, Ottawa. 

+Calculated for free acid. 
descending series of specific activity with respect to anticoagulant activity. 
Rat heparin has recently been isolated and has the same order of biological 
activity as pork heparin. It is necessary to emphasize that the differences 
require accuracy in assay. They are most marked when tested on fresh whole 
blood. However, Mr. M. G. Allmark was able to show the differences with the 
U.S.P. assay. The differences between species are probably most important in 
the possibility of a weak heparin appearing on the market which does not 
measure up to its alleged clinical potency. However, it is a useful property for 
identifying the source of a heparin and it must be kept in mind in making 
isolations and identification. There are corresponding differences in solubility 
of the barium salts. Further, the body treats these heparins on the basis of 
their biological activity not on their weight or metachromatic activity. 

Michels (2) in his original review emphasized the marked differences in mast 
cells in different species. We have prepared heparin from fish but have been 
unable to obtain a good crystalline barium salt from this species, which seems 
to possess very low biological activity. Various fish species according to Michels 
have mast cells, with pronounced gamma metachromasia. All the heparins 
we have isolated so far react the same as far as metachromatic tests are con- 
cerned. The big difference is in the biological activity. We have therefore been 
unable to obtain any correlation between species differences observed with 
heparin in biochemical studies with the species differences observed by Michels 
in his histological studies. There does appear though to be a rough parallelism 
between heparin content and biological activity (7). On a weight basis we get 
more heparin from sheep tissue than from beef tissue than from dog tissue so 
that the yield in anticoagulant units is about the same. . 


Heparin and Mast Cells 


With the universal identification today of heparin with the mast cell one 
would expect that there would have been good studies in parallel of heparin 
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content of tissues as determined by biochemical isolation and the mast cell 
content of the tissues as determined by histological count. The original experi- 
ment indicating a correlation was that of Wilander (8) 30 years ago. In his 
first experiments Wilander simply measured the amount of ester sulphate in 
the tissue. He did report the extraction of heparin from the vena cava and 
aorta with measurement of anticoagulant activity and these results agreed 
with reports by Holmgren on the distribution of mast cells. Many mast cells 
and much heparin were found in the wall of the aorta and vena cava of beef 
and horse, and little in pig aorta. I would like to emphasize that identification 
of heparin depends on the specific activity. In Wilander’s results, one sample 
of the crude material isolated from beef liver capsule by Wilander gave 4.32 
g/2.1 kg with a specific anticoagulant activity of 20 units/mg but a second 
sample from beef liver gave a potency of 5 units/mg. The first was definitely 
heparin but this may not have been true for the second. 

The distribution of the mast cells as given by Michels in his classical review 
is sparse—parenchymatous organs, liver, kidney, suprarenal (dog liver ex- 
cepted); moderate—testes, ovary, salivary glands, lymph nodes, spleen, 
pancreas, heart; large numbers—uterus, mamma, tongue, prostate, bladder, 
lungs, Omentum, intermuscular connective tissue; very great numbers— 
digestive tract, respiratory tract, serous membranes, subcutaneous connective 
tissue. Charles, Scott, and I found, for heparin, <10 units/100 g—brain, 
kidney, thymus; 10-100 units/100 g—-heart, spleen; 100-1000 units/100 g— 
liver, lung, intestine, muscle, rat skin; >1000 units/100 g—dog lung, dog liver. 
There are some parallels but the patterns do not fit. Further there is great 
variation in the distribution of both mast cells and heparin in different species. 
The histological method can detect a local high concentration of mast cells 
while the extraction process will detect a high concentration only if this occurs 
throughout a sufficiently large mass of tissue that it can be dissected out en 
masse. It is about time somebody undertook the determination of the heparin 
content and the mast cell count in the same sample of tissue, and do this for a 
number of tissues in various species, as was done by Haist and Bell (9) for 
insulin and islet cells in the pancreas some years ago. 

When I reviewed the relation of mast cells to heparin in 1941, I posed the 
questions: (1) Are all mast cells heparin cells? (2) Is all the heparin in the 
body contained in the mast cells? There is first of all the definite distinction 
between tissue mast cells and the mast or basophilic leucocyte. If both these 
cells contain heparin then we are saying cells that are quite different in appear- 
ance, origin, habitat, and apparent function have in common the presence of 
heparin. This may be so. Higginbottham (10) has recently shown that fibro- 
blasts will take up heparin and a cell indistmguishable from the mast cell then 
results. 

As there is little work available measuring directly the number of mast cells 
in tissues and the heparin content of the tissues, another approach is to measure 
these after experimental manipulation. This has been a favorite procedure 
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since Wilander studied peptone shock and Waters, Markowitz, and | (11) 
studied anaphylactic shock. We isolated heparin as a crystalline barium salt 
from the blood of dogs in anaphylactic shock. At the time it was of chief 
interest as representing the isolation of heparin from blood, for normal dog 
blood does not contain even a trace of heparin. The heparin in the blood was 
accounted for quantitatively by the release of heparin from the liver. In both 
Wilander’s experiments and ours, portions of liver were taken for staining and 
the mast cells were observed to be almost depleted of granules. This left us 
quite sure that the heparin found in this condition came from the mast cells. 
However, various writers have recently adopted the view I expressed 20 years 
ago. On the basis of the early work of Doyon (12) and our own work, | 
emphasized that the relationship of heparin to the liver is unique to the dog. 
Delezenne (13), in 1898, showed that there was an apparent secretion of heparin 
by liver cells in response to a meal and Scroggie and I showed that, even in 
anaphylaxis, the conditions required for liberation of heparin resemble a 
secretion. However, this relationship has not been found for other tissues or 
other species and it is therefore not sound to conclude that the relation of 
heparin to the liver mast cells or the release of heparin therefrom found in the 
dog applies to other species. 


Mast Leucocyte 


Is the mast leucocyte a heparin cell? In general the frequency of tissue mast 
cells and basophilic leucocytes show an inverse relationship; e.g. the dog has 
many tissue mast cells, and few basophilic leucocytes, while the reverse is true 
for the rabbit. Hedenius (14) found mucopolysaccharide material in basophilic 
leucocytes. Bassouni (15) has reported that while the acid mucopolysaccharide 
of normal blood is derived from the white cells and is chondroitin sulphate, 
that in patients with rheumatic fever on isolation resembled heparin. We there- 
fore have the possibility that heparin basophilic leucocytes may appear in some 
diseases or experimental conditions, although not normally present. 

In rats mast cells are a normal constituent of peritoneal fluid and a number of 
authors have described a separation procedure for these cells. Bloom (16) has 
extracted the mucopolysaccharides of such preparations and by column 
chromatography found that 80-100% of the mucopolysaccharide was heparin 
with an anticoagulant activity of 95 units/mg. From these isolations, Bloom 
estimates the heparin content per mast cell to be 20 yg per cell. 


Tumors of Mast Cells and Heparin 


Since heparin and mast cells are both trace materials scattered through tissue, 
the biological concentration of these elements is most important. Mast cell 
tumors offer such a possibility. There has been a series of studies on the heparin 
content of dog mast cell tumors starting with Oliver ef al. (17). It was demon- 
strated that the tumors were largely mast cells and that heparin was extracted 
from these as identified by anticoagulant activity. It was regrettable that 
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isolation as a crystalline barium salt and further examination of this material 
was not conducted. Furthermore the anticoagulant activities have largely 
been done by tests other than those on whole blood, which are more useful in 
distinguishing heparin from related polysaccharides. Oliver et al. were able to 
cultivate the mast cells in tissue culture and suggested that the heparin or a 
related mucopolysaccharide is present in the tumor mast cells depending on 
the state of maturity of the cells. 

In a skin condition in man, urticaria pigmentosa, there are large numbers of 
mast cells. From a case studied in Saskatoon, Bell was able to extract and 
identify heparin by paper chromatography on a 20-mg biopsy specimen. 

A number of recent investigators have studied the mouse mast cell tumor 
first isolated and developed by Dunn. This was originally developed in a 
DBAf/2 mouse painted repeatedly with methylcholanthrene. It has been 
carried in both solid and ascites form and tissue culture. Heparin has been 
isolated from such tumor tissue (18). The identification was made by a number 
of chemical and physical properties. (Korn wisely did not attempt the bio- 
logical assay). A similar mouse mast cell tumor was isolated and studied by 
Furth, Hagen, and Hirsch (19). This was found in an old mouse irradiated at 
7 weeks and has been maintained not only through transplants but in tissue 
culture. Again the initial cells showed rather sparse granulations and as is not 
unusual, when the tumors have been continued through transplants and more 
particularly tissue culture, the appearance of the cells has got further and 
further away from the original tumor tissue. Even in the original tumor, the 
granules were sparse and not evenly distributed. The cells have lost their 
typical mast cell appearance and in fact an impartial observer is tempted to 
call them leukemia cells. They certainly do not have the typical granular 
metachromasia that we associate with mast cells. They have a few granules 
and most of the cell body is rather blue staining. 


Conclusions 


In this relatively brief survey, more questions have been raised than 
answered. It is evident that many factors affect metachromasia when produced 
with heparin in vitro. How many of these are significant in tissue section? 
This we do not know. Is all the heparin contained in the mast cells and can we 
take it that any cell identified as mast cell by metachromasia is a cell containing 
heparin? I do not think we have the necessary evidence for this at present. 
A great deal more needs to be done in parallel surveys of heparin content and 
mast cell content of tissues before we can say that heparin and mast cells are 
never found separately. Having established this we still must answer the 
question whether the heparin extracted by,the biochemical process comes from 
the mast cell or from the intercellular material of the tissue. Metachromasia 
depends to a great extent on the local concentration of heparin under suitable 
physical conditions. It may very well be thai a large proportion of the heparin 
extracted from tissue does not stain in tissue section as it is too diffuse. Yet the 
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mast cells may have an intimate function in the turnover of heparin and related 
substances in the tissues. Certainly, this theory is as attractive today as that 
postulated 20 years ago by the late John Mellanby that the mast cells were 
unicellular endocrine glands secreting heparin. 
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